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SOUTHEAST OAHU REGIONAL SEDIMENT MANAGEMENT 
DEMONSTRATION PROJECT 

 
Regional Beach Management Plan 

Scope of Work 
August 7, 2006 

 
BACKGROUND:  The Southeast Oahu Regional Sediment Management 
(SEO/RSM) demonstration project is being conducted to (1) document long-term 
trends in wave climate for the windward side of Oahu, Hawaii, (2) develop a 
regional sediment budget and a geographic information system (GIS) for three 
littoral cells along the southeast Oahu coast, (3) identify suitable sand sources, 
and (4) develop/calibrate a sediment transport model for the region.  The SEO 
region is located on the southeast shoreline of the island of Oahu, Hawaii.  There 
are three littoral cells, Kailua in the north, Lanikai in the middle, and Waimanalo 
in the south part of the study area.  There are geologic controls (both sub-aerial 
and offshore) affecting sediment transports within these cells.  The offshore 
region is a sloping reef along which waves break on its outer edge.  Waves are 
depth-limited by the reef as they approach the shoreline.  SEO/RSM 
investigations are being conducted to determine if there is sediment transport 
between the cells.  Long-term (decadal or more) shifts in wind, wave direction, 
and wave period may shift sediment transport patterns and magnitudes.  As a 
result, sediment transport processes of these beaches are difficult to understand, 
and RSM solutions are not readily apparent.  The final products from this study 
will be a sand source inventory, web-enabled GIS platform and regional beach 
management plan for the SEO region. 
 
REGIONAL BEACH MANAGEMENT PLAN:  The work to be performed under 
this task order is the preparation of the SEO/RSM Regional Beach Management 
Plan (RBMP) report.  The RBMP report will document all of the activities that 
have been conducted since the beginning of the SEO/RSM investigations in 
fiscal year 2005 (see attached SEO/RSM scope of work).  Work that has been 
performed by the Honolulu District, Coastal & Hydraulics Laboratory, 
Geotechnical and Structures Laboratory and the University of Hawaii (UH) will be 
documented in the RBMP report along with the results of the study workshops 
(the next workshop is to be held on August 23, 2006).  Descriptions of the 
various tasks that have been completed are provided as attachments to this 
document.  Reference is also made to the “Beach Management Plan for Maui” 
dated December 1997 as prepared for the County of Maui Planning Department 
by UH Sea Grant Extension Service.  Many of the SEO/RSM products can be 
found online at the following web site. 
 
http://gis.poh.usace.army.mil/rsm/pages/index.htm 
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RBMP Report:  The RBMP report will consist at a minimum of the follow 
sections that compile the study results to date: 
 
Executive Summary 
Introduction 
Regional Sediment Management 
Southeast Oahu Regional Sediment Management Demonstration Project 
Coastal Ecosystem 
Coastal Erosion, Beach Loss and Coral Reef Degredation 
Objectives 

Identification of Erosion Hotspots and Erosion Watchspots  
Guidelines for Shoreline Protection Measures  
Beach Nourishment  
 Sand Sources for Beach Nourishment  

Pilot Beach Nourishment Project  
Dune Preservation and Restoration  
Coral Reef Ecosystems, Water Quality, and Upland Activities  
Shoreline Setbacks and Coastal Erosion Hazard Data  
Proactive Development of Coastal Lands  
Inter-agency Coordination  
Structures and Activities within the Shoreline Area  

Minor Structures  
Major Structures  

Beach Management Districts  
Public Awareness and Education  

Coastal Processes Modeling 
Wave Climate 
Water Circulation 
Littoral Sediment Transport 
Regional Sediment Budget 

Geomorphology 
Shoreline Change 
Sediment Trend Analysis 
Sand Source Investigations 
Workshops 
Web-based GIS 
Literature Search/Inventory 
Potential Demonstration Projects (PDP) 
PDP Alternatives (to be developed as part of this report) 
Appendices (to include documentation of all study products covered in the 
attachments to this SOW and the SEO/RSM web site). 
 
SPECIFICATIONS:  The report is to be prepared in Microsoft Office Word as a 
“doc” file.  All products generated in the process of report preparation will be 
provided to the Government upon completion of the task order work.  Arial 12 
font will be used for the text portion of the report.   
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MEETINGS:  The A/E firm will meet individually with Oahu representatives 
having input into the various study products (such as employees of the Honolulu 
District, Hawaii Department of Land and Natural Resources (DLNR) and the 
University of Hawaii) to attain an in depth perspective on SEO/RSM related 
activities.  The A/E will also make telephone contact with mainland contributors to 
the study.  The A/E will arrange at least four progress meetings with SEO/RSM 
project delivery team (PDT members include Honolulu District, DLNR and UH 
personnel) to discuss progress on the report and issues to be resolved.  The A/E 
will prepare draft minutes from each meeting and provide them to the PDT for 
review and comment.  The A/E will prepare final meeting minutes based on 
comments received from the PDT. 
 
DELIVERABLES:  Deliverables will consist of meeting minutes as well as 
preliminary, draft and final RBMP reports.  All products generated in the 
preparation of the final RBMP report will be provided to the Government prior to 
issuance of final payment. 
 
SCHEDULE:   
 
TASK       DATE 
Preliminary FBMP Report    September 28, 2006 
Draft FBMP Report     October 27, 2006 
Final FBMP Report     November 30, 2006 
Associated Products    November 30, 2006 
Final Meeting Minutes    10 days after meetings 
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ATTACHMENT 1: 
 

Regional Sediment Management 
Southeast Oahu 

Hawaii 
 
 
Purpose:  This study will (1) document long-term trends in wave climate for the 
windward side of Oahu, Hawaii, (2) develop a regional sediment budget and a 
geographic information system (GIS) for three interconnected littoral cells along 
the southeast Oahu coast, (3) identify suitable sand sources, and (4) 
develop/calibrate a sediment transport model for the region.  The final products 
from this study will be a sand source inventory, regional sediment management 
(RSM) plan and web-enabled GIS platform for the South East Oahu (SEO) 
Region. 
 
Problem:  The SEO Region is located on the southeast shoreline of the island of 
Oahu, Hawaii.  There are three littoral cells, Kailua in the north, Lanikai in the 
middle, and Waimanalo in the south part of the study area (Figure 1).  There are 
geologic controls (both subaerial and offshore) affecting sediment transport 
within these cells.  The offshore region is a sloping reef along which waves break 
on its outer edge.  Waves are depth-limited by the reef as they approach the 
shoreline.  The cells are not believed to share sediment with each other.  The 
long-term average rate of shoreline retreat is nominally 2 feet/year.  Long-term 
(decadal or more) shifts in wind, wave direction, and wave period may shift 
sediment transport patterns and magnitudes.  As a result, sediment transport 
processes of these beaches are difficult to understand, and RSM solutions are 
not readily apparent.  In addition, sand sources for this region have not been 
identified.  
 
Proposal:  A description of the tasks is presented below.  Figure 2 shows a 
timeline of the various tasks. 
Total duration:  4 years. 
 
Task 1:  Develop long-term wave climate. 
Time:  12 mos. 
From observations of shoreline position on the northeast side of Oahu, it appears 
that there is a long-term trend (20 or more years) of erosion and accretion.  
These cycles of beach change may be caused by shifts in wave climate, 
including multi-decadal shifts in storm activity associated with the Pacific Decadal 
Oscillation.  Task 1 will utilize or generate updated Wave Information Study 
hindcast for the project area.  Directional wave buoy data are available for the 
years 2000-2002, and non-direction wave buoy data are available for more than 
20 years.  These data will be used for validation of the hindcast.  This task will 
provide a regional wave climate for Task 5, regional shoreline modeling.   
 

 4



Task 2:  Nearshore circulation. 
Time:  8 mos. 
Because waves are depth-limited as they approach the study area, it is believed 
that nearshore circulation (wave- and wind-induced) may be a significant process 
controlling sediment transport.  This task will setup and run the Advanced 
Circulation model for the study area.  There are no current data available for 
validation; thus, three separate drogue studies are planned under a range of 
wave and wind conditions. 
 
Task 3:  Geomorphic analysis of study area. 
Time:  10 mos. 
Historical shoreline position, beach profile, aerial photography, bathymetric, and 
geologic information for the study area will be evaluated to identify (a) long-term 
trends in shoreline position; (b) long-term trends in bathymetric change; (c) 
locations with possible sources of beach nourishment material, and (d) geologic 
controls on littoral processes.  Historical shoreline position data are available 
from the University of Hawaii.  Sand samples will be taken for each littoral cell, 
and sediment cores will be collected and analyzed for possible offshore sources 
of material.  Because of the low hardness value of the sediment, it is possible 
that abrasion or mechanical disintegration is a significant process in shoreline 
retreat.  The abrasive characteristics of beach sediments will be quantified.  This 
task will provide data for Task 4, development of the regional sediment budget, 
and the calibration and verification data set for Task 5, regional shoreline 
modeling.  
 
Task 4A:  Develop a regional sediment budget. 
Time:  10 mos. 
Volumetric change for historical and present-day time periods will be developed 
for the active littoral region.  These data, together with knowledge of the long-
term wave and wind climate (Task 1) and regional shoreline modeling (Task 5), 
will be used to develop sediment budgets for each littoral cell.  Sediment sources 
and sinks will be defined and quantified.  A regional budget will be developed, 
including an assessment of whether long-term sand sharing between littoral cells 
occurs.  The regional sediment budget will be used to develop a RSM plan, and a 
with-project regional sediment budget will be forecasted. 
 
Task 4B:  Develop a web-enabled GIS platform. 
Time:  10 mos. 
A web-based GIS platform will be developed for the SEO Region.  The GIS will 
contain georeferenced maps, attributes and metadata corresponding to SEO 
Region RSM requirements.  Aerial photography, digital elevation models, 
geotechnical information, survey data, wave parameters and other pertinent 
georeferenced information will be automated via the GIS.  The GIS will utilize 
state-of-the-art web enabling software to provide real-time access of products 
through the internet.  The GIS will reside at the Mobile District. 
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Task 5:  Regional shoreline change modeling. 
Time:  12 mos. 
The regional shoreline change model presently in developmental testing, 
Cascade, will be calibrated and verified for the study region.  The wave climate 
produced in Task 1 will drive the model, and shoreline positions, geologic 
controls, and bathymetric contours defined in Task 3 will be used for calibration 
and verification.  The regional modeling will work hand-in-hand with development 
of the regional sediment budget (Task 4A).  A RSM plan will be developed using 
results from each task.  This RSM plan will document long-term trends in beach 
change, and identify possible sources of sand, to management of sediment 
within the region.  Travel funding for trips to/from the mainland for various team 
members is also included in the estimate. 
 
Task 6B:  Sand source investigations. 
Time:  4 years 
Sand sources will be identified in areas offshore and upland of the region.  
Research and development of sand manufacturing techniques will also be 
carried out under the task. 
 
Schedule and Funding:  As indicated in Figure 2, the RSM demonstration 
project for the SEO Region will take four years to complete. 
 

Kailua

Lanikai

Waimanalo
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Figure 1.  Project study area 
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Year 2 
(FY06)
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Year 5 
(FY09)
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Task 1 

Task 2 

Task 4 

Task 5 

Task 6 

Task 3 

Year 5 

Figure 2.  FY schedule and funding levels for the Southeast Oahu RSM demonstration 
project. 
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ATTACHEMENT 5 
 

DRAFT Scope of Work 
CHL Nearshore Circulation Modeling for Southeast Oahu, Hawaii 

 
 
 The proposed work includes six technical tasks: data 
collection/assessment, finite element and finite difference grid development, 
development of model forcing conditions, model calibration, model simulations, 
and simulation analysis.  The tasks are linked and sequential, however, the first 
three tasks may be accomplished in parallel.  The final product from these tasks 
is a calibrated hydrodynamic model for the project site.  The models applied will 
be as follows: 
   
 a) Long-Wave Hydrodynamic Model – ADCIRC.  The ADCIRC long-
wave hydrodynamic model simulates the circulation and water levels associated 
with both tides and storms.  A two-dimensional (depth-averaged) version of 
ADCIRC will be applied.  ADCIRC has been extensively applied in the Atlantic 
and Pacific Oceans (and world wide) to simulate tidal circulation and associated 
storm surge and currents.    The hydrodynamic modeling component will require 
the following tasks: 
 
 1. Grid development to include recent bathymetry and shoreline data.  

2. Calibration and verification of the bathymetric grid to known tidal 
constituents. This phase of the investigation will provide circulation 
patterns for determining placement of water elevation and current 
measurement gages.  

3. Re-verify model by comparison to measurements made for this 
study. 
4. Development/selection of alternative forcing conditions.   

 

b) Short-Wave Modeling – STWAVE.     STWAVE is a spectral 
wave transformation model, which is capable of representing wave-
current interaction (wave-action equation, current-induced breaking, 
and wave blocking by a current).  The ADCIRC and STWAVE models 
will be coupled to allow the interchange of radiation stresses from 
STWAVE to ADCIRC, and tide-, wind-, and wave-generated currents 
from ADCIRC to STWAVE.  Application of STWAVE will require the 
following: 
 
 1. Development of computational grid to simulate wave propagation. 
 2. Verification of calculated waves by comparison to measurements. 
 3. Generation of wave climate. 
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Study Phases 
 

An approach toward development of a “turn-key” hydrodynamic modeling 
system should be pursued in a phased process.  Activities including identifying 
and assembling data, grid development, tidal and wind-driven current and water 
level calibration, and nearshore wave transformation will be accomplished via a 
cooperative effort between POH and CHL personnel with in the field assistance 
provided by CHL. 
 
Phase 1: 
POH and CHL will jointly develop the geographic, bathymetric, hydrodynamic 
(waves and circulation), and meteorological data necessary to develop and 
calibrate the modeling system.  An assessment of the quality of available data 
will aid in the specification of necessary additional field measurements.  In 
addition, a decision will be reached as to what computer platform will be utilized 
to exercise the modeling system.  CHL and POH will develop and calibrate the 
ADCIRC model for tidal constituent forcing, including in the field assistance if 
desired.  Development of the finite element grid for the overall project will focus 
on a coarse resolution at the seaward, deep-water boundaries and detailed 
resolution in the nearshore regions of interest.  Any recently collected 
bathymetric data will be evaluated and incorporated into the model grid and 
bathymetric databases will be used to supplement bathymetry for the grid 
domain.   
 
Phase 2: 
CHL will establish the range of atmospheric forcing required for accurate 
simulations. CHL and POH will develop and calibrate the STWAVE grid and 
perform an additional ADCIRC calibration including atmospheric forcing and 
coupling with STWAVE.  This effort will include in the field assistance by CHL.  
These calibration simulations will utilize the POH current field measurement 
effort.  Tidal forcing conditions will be developed for the ocean boundary 
condition using the LeProvost or OSU Pacific constituent database. Offshore 
wind and pressure fields generated by a combination of NCEP/NCAR winds and 
pressures adjusted for local observations will also be used as forcing conditions 
for the hydrodynamic model.   
 
Phase 3: 
CHL will assist POH in developing recommendations for alternative simulations, 
will document the methodologies and procedures, and will provide consultation in 
executing simulations and analyzing simulation results. The transfer of the 
completed modeling system to POH will be accomplished within the SMS 
framework. 
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ATTACHMENT 6: 
 

Project:  Southeast Oahu Regional Sediment Management Demonstration Project 
– Identification of Beach Quality Sand Sources and Investigation of Sand 
Manufacturing Techniques 
 
Scope and Purpose:  Carbonate sand is needed for the repair and restoration of 
beaches in Southeast Oahu, Hawaii.  This project is directed to: 
 
1)  Locating sources of coral-based carbonate rock or gravel that can be ground to 
provide a clean carbonate sand. 
 
2)  Developing protocols for manufacturing carbonate sand by crushing and 
grinding coral-derived rock or gravel.  Specifically this would involve the 
development of techniques for processing the carbonate to produce sand that 
will not re-cement when placed above the tidal zone on a beach.   
 
3)  Locating any alternate sand sources both onshore and offshore that could be 
used in beach construction.  The goal of this project is to locate coral-reef derived 
carbonate material for the beach construction in sufficient quality to allow the 
development of a plan for the reconstruction effort and to determine the 
methods, equipment and material requirements needed for the production of a 
non-cementing carbonate beach sand.  Additionally the project will complete a 
survey of the general availability of beach construction materials both on-shore 
and offshore.  The time constraints and the level of funding for this phase of the 
work do not allow for dredging to obtain any new underwater carbonate 
samples.  
 
Approach:  A preliminary investigation of the carbonate supply problem will be 
undertaken to determine the availability of carbonate deposits using data 
developed in the investigations that have been undertaken by researchers from 
the U.S. Geological Survey, the University of Hawaii, and contractors.  Archived 
sediment samples will be requested from past investigations.  A preliminary 
assessment will be followed up with the collection of additional data and 
archived or stockpiled samples of the most promising deposits that occur within 
distances from the project area that make transport realistic economically.   
 
 Re-cementation of carbonate sand that is above sea level and subjected to 
leaching in fresh water is a significant problem.  In Florida and Bermuda, natural 
carbonate beaches rarely have re-cementation problems that impact beach usage.  
The lack of dissolution of calcium carbonate and recrystallization of carbonate as 
cement is thought to be related to the presence of natural organic coatings on the 
carbonate sands.  Extraction and analysis of organics from natural organic sands 
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shows that the surface of the grains has a coating of calcium salts of naturally 
occurring fatty acids (calcium stearate or calcium laurate).  The coatings prevent 
the surface of the calcium carbonate from wetting effectively and disrupt any 
epitaxial growth of carbonate cements.  In manufactured calcium carbonate sand, 
the freshly crushed material has clean surfaces that can act as templates form the 
formation of more crystalline calcium carbonate that can cement adjacent 
surfaces together.  Additionally the presence of fine-grained material and sand-
sized material with sharp edges and corners can contributed to the dissolution 
and reprecipitation that make beach rock out of beach sand.   
 
 The investigation of methods of manufacturing non-cementing beach sand 
will concentrate on the usefulness of using a well-sorted sand-sized particles that 
are tumbled to produce rounded grains and on the effects of adding coatings 
calcium salts of fatty acids.  Phosphates in small quantities retard carbonate 
crystal formation and many fatty acids occur in nature with phosphate groups 
attached.  As a coating material these compounds could be very effective crystal 
growth (cement) inhibitors.  The systems proposed for investigation are all 
natural process that are being reintroduced into an manufactured sand to 
reproduce the non-cementing phenomenon occurring on normal carbonate 
beaches.   
 
 To support the development a sand manufacturing protocol, lab bench 
scale test will be set up to evaluate the importance of grain size and shape and 
the usefulness of coating materials.  A test matrix will be developed with a 
variety of control samples to allow the evaluation of the separate properties of 
the sand treatments.   
 
 An overall assessment of aggregates (carbonate and non-carbonate and 
on-shore and off-shore) will also be included in this investigation.  This survey of 
availability to assure that the most economical sources of material are located 
from the project and no useful resource that could make the project more 
effective or economical is overlooked.  This phase of the investigation will allow 
the beach repair planners to optimize the use of resources and justify their 
selection of specific materials and specific sources.  The program will include 
characterization of selected materials and estimates of amounts available and 
transport to the construction site.  
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Nearshore Circulation Modeling for Southeast Oahu, Hawaii  
The purpose of the nearshore circulation modeling study for the Southeast Oahu 

Regional Sediment Management (SEO/RSM) demonstration project was for the Engineer 
Research and Development Center (ERDC), Coastal and Hydraulics Laboratory (CHL) to 
provide the Honolulu District (POH) with a tool for understanding nearshore circulation 
and sediment transport in the study area (and at Wailea Point in particular).  The ultimate 
goal for POH was then, to understand sediment transport potential in the region and 
determine the likelihood of accretional and erosional areas within the model domain.  The 
nearshore circulation study project included six technical tasks: data 
collection/assessment, finite element and finite difference grid development, development 
of model forcing conditions, model validation, model simulations, and simulation 
analysis.  The final product from these tasks was validated hydrodynamic and wave 
models for the SEO region.  The scope of work for this effort is provided in Appendix A. 

 
The ADvanced CIRCulation (ADCIRC) long-wave hydrodynamic model 

simulates the circulation and water levels associated with both tides and atmospheric 
conditions (Luettich et al. 1992).  A two-dimensional, depth-averaged version of 
ADCIRC was applied in this study.  ADCIRC has been extensively applied in the 
Atlantic and Pacific Oceans (and world wide) to simulate tidal circulation and associated 
storm surge and currents.    The hydrodynamic modeling component for this study 
required: 1) grid development to include recent bathymetry and shoreline data, 2) 
validation of the bathymetric grid to known tidal constituents and wind forcing for April 
2001, and 3) comparison of the bathymetric grid forced with known tidal constituents, 
wind, and waves to measurements for the field data collection time period.  The 
application and validation of ADCIRC for the southeast Oahu study provides POH with 
the capability of simulating circulation in the study area for any required time period.  
NOTE:  Conclusions provide later in the report should document why ADCIRC was not 
carried forward into the sediment transport analysis. 

 
 The STeady-state spectral WAVE model (STWAVE) is a spectral wave 
transformation model, which is capable of representing depth-induced wave refraction 
and shoaling, current-induced refraction and shoaling, depth- and steepness-induced 
wave breaking, diffraction, wind-wave growth, wave-wave interaction and whitecapping 
(Resio 1988, Smith et al 2001).  The purpose of applying nearshore wave transformation 
models such as STWAVE is to describe quantitatively the change in wave parameters 
between the offshore and the nearshore because offshore time-series wave data is usually 
more commonly available; however,  nearshore wave information is required for the 
design of almost all coastal engineering projects.  STWAVE has previously been applied 
to numerous sites with a  gently sloping seafloor or small areas of hardbottom.  Due to 
the wide and relatively shallow reef fronting the shoreline of the SEO region,  this 
application of STWAVE required the added feature of simulating wave transformation 
over a reef.  Development of a bottom friction capability in STWAVE was completed to 
address this unique bathymetry specific to the island environment.    Application of 
STWAVE for this project required development of a computational grid to simulate wave 
propagation, verification of calculated waves by comparison to measurements, and 
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generation of a wave climate.  The ADCIRC and STWAVE models were then coupled to 
allow the interchange of radiation stresses from STWAVE to ADCIRC. 

   
The approach toward development of a “turn-key” hydrodynamic modeling 

system for this region was pursued in a phased process.  In the first phase, POH and CHL 
jointly developed the geographic, bathymetric, hydrodynamic (waves and circulation), 
and meteorological data necessary to develop and validate the modeling system.  An 
assessment of the quality of available data aided in the specification of additional field 
measurements that were to be collected for this project.  CHL developed and validated 
the ADCIRC model for tidal constituent forcing.  Tidal forcing conditions were 
developed for the ocean boundary condition using the Oregon State University (OSU) 
Pacific constituent database.  Development of the finite element grid for the overall 
project focused on a coarse resolution at the seaward, deep-water boundaries and detailed 
resolution in the nearshore region of interest.  All recently collected bathymetric data, 
including SHOALS data collected in 2000, were evaluated and incorporated into the 
model grid, and bathymetric databases were used to supplement bathymetry for the grid 
domain.   

 
In Phase 2, CHL established the range of atmospheric forcing required for 

accurate simulations. CHL developed the STWAVE grid, validated the STWAVE model, 
and performed an additional ADCIRC validation including atmospheric forcing and 
coupling with STWAVE.  These validation simulations utilized the field measurement 
effort for comparison to model results.  Tidal forcing conditions were developed for the 
ocean boundary condition with the LeProvost tidal constituent database (LeProvost et al 
1994).  (The LeProvost  database was applied because it provided a stable solution for the 
linked model validation time period). Offshore wind and pressure fields generated by a 
combination of wind fields and pressures adjusted for local observations were used as 
forcing conditions for the hydrodynamic model, and are discussed in detail later in this 
report.  Wave conditions from a Coastal Data Information Program (CDIP) buoy near the 
study site were used to generate forcing conditions for the wave model.  STWAVE was 
validated by comparing model-predicted and field measurements of wave conditions at 
the field data collection locations.  The bottom friction was adjusted in the model to 
represent the reef and non-reef areas until a close comparison was achieved.  ADCIRC 
was validated by comparing model-predicted and field measurements of water level and 
velocity at the field data collection locations.   A hybrid friction formulation and limited 
wave radiation stress gradients were applied to achieve the best comparison.  In Phase 3, 
CHL assisted POH in developing recommendations for alternative simulations, 
documented the methodologies and procedures, and provided consultation in executing 
simulations and analyzing simulation results. The completed modeling system has been 
transferred to POH within the SMS framework and training has been provided to POH 
for future applications.   

  
Field Data Collection 
Wave and current data were collected for this project from 9 August to 14 September 
2005 with two RD Instruments Workhorse ADCPs (Acoustic Doppler Current Profilers) 
and three Sontek Hydra ADVs (Acoustic Doppler Velocimeters).  The field data 
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collection deployment period was dominated by tradewind weather (typically occurring 
from April through September in Hawaii) as characterized by consistent winds from the 
northeast and occasional swells from the southeast and southwest.  Large wave events 
that would affect the windward coast are not typical during this season.  Waves along the 
windward coast during these months are typically generated  from local winds, and this is 
evident in the relatively small wave heights and northeasterly incident direction of the 
waves recorded during the deployment period.  Instrument locations and additional 
information are shown in Figure 1 and Table 1.  All recording gauges were referenced to 
UTC time. 
 

 
Figure 1.  Instrument locations 
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Table 1.   Instrument Identification and Location 
Hawaii RSM Gage Locations, August - September 2005 

Gage       Nominal  

Type Name Lat (deg min) Lon (deg min) Recording Time Period Depth (m) 

ADCP ADCP1 21 23.905 157 42.994 9 August - 14 September 3.3 

ADCP ADCP2 21 20.318 157 40.786 10 August - 4 September 6.6 

ADV Y1 21 23.861 157.43.079 9 August - 14 September 2.5 

ADV G2 21 22.509 157 42.233 9 August - 14 September 2.7 

ADV R3 21 19.795 157 40.930 9 August - 14 September 2.5 

 
ADCP Gauges: 
 For this study, two RD Instruments 1200 kHz Workhorse ADCP gauges were 
deployed for approximately one month.  The ADCPs were bottom mounted, facing 
upward with the sensor head approximately 0.4 m off the bottom.  The water depth at 
ADCP1 was approximately 3.3 m and the water depth at ADCP2 was approximately 6.6 
m, which placed it near the seaward edge of the reef flat.  These gauges have four 
acoustic transducers for measuring currents and a pressure sensor, from which horizontal 
and vertical current profiles were computed at 0.2 m vertical spacing.  These instruments 
sampled at 2 Hz for directional wave measurements.  Each hourly wave burst was 
approximately 34 minute long, starting at the top of each hour, and consisted of 4096 
points.   There is a 0.44 m blanking distance from the transducer head, and with a 0.2 m 
bin width this makes the first sample 0.72 m above the transducer, or about 1.12 m off the 
bottom.  Current profiles were collected every 10 minutes from a 200 point average. 
 
 The ADCP deployments were on 9 August 2005 and retrieval was on 14 
September 2005.  ADCP2 was reprogrammed on 10 August so data collection started a 
day later than the other instruments, and the batteries were depleted on 4 Sep, about 10 
days before retrieval of the all gauges.   The ADCP2 data record was therefore, 11 days 
shorter than the other gauge records. 
 
ADV Gauges:  
 In addition to the two ADCPs, three ADV gauges were deployed for the same 
one-month time period.  ADV deployments were on 9 August 2005 and retrieval was on 
14 September 2005.  The three ADV gauges were Sontek’s Hydra model that samples a 
single point current velocity (U, V, and W) and contained an external pressure sensor.  
The sample volume for the current measurement is approximately 1-2 cm in size and 
about 0.17 m above the center transducer.  This instrument uses three beams to determine 
the three current components.  Both the ADCP and ADV instruments and their mounts 
are shown in Figure 2.  Figure 3 shows wave height, period, and direction for the three 
ADV gauges.  Figure 4 depicts wave roses for the two ADCP gauges. 
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Figure 2.  Images of gauges and mounts. 
 

 
Figure 3.  Wave height, period and direction from the three ADV gauges. 
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Figure 4.  Wave roses for ADCP #1 (left) and #2 (right). 

Current Drogues: 
    

Four current drogues (drifters) were designed and built at the CHL Field Research 
Facility (FRF) for deployment at the beginning (10 August 2005) and end (13 September 
2005) of the ADCP/ADV deployment period.  The drogues were constructed with PVC 
pipe, vertical risers, rubber unions, hose clamps, and sails and used GPS receivers for 
tracking and radio telemetry for positioning.   Difficulty with the radio tracking was 
experienced because it required line of sight to receive drifters.  Since the drifters were in 
two different locations (Kailua Bay and Waimanalo Bay), partial tracking was all that 
could be accomplished.  Also the antennas and connectors should have been constructed 
more robustly because two were broken during deployment.   
 

Current drogue tracks for 10 August 2005 and 13 September 2005 are shown in 
Figure 5.  There were two deployments on 10 Aug, hence the numbers 1 through 8.  
Some drogues were deployed in the vicinity of the ADV and ADCP gauges for inter-
comparison.  A track direction reversal of Drogue #2 was observed shortly after 
deployment on 13 September (Figure 6), starting off on a nearly due west track and then 
turning back to a south east trajectory.  The nearshore drogues tended to track in a 
westerly (shoreward) direction at a rate of approximately 0.1-0.2 m/sec, which is 
comparable to model results.  Drogues in Waimanalo Bay moved in a southerly direction 
during the two deployment periods.   
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Figure 5.  Drogue tracks with track number for 10 August (left) and 13 September (right). 
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Figure 6.  Drogue track reversal on 13 September. 
ADCIRC 

Grid Development 
 The ADCIRC numerical model, a regional two-dimensional (2-D) depth-
integrated finite-element hydrodynamic circulation model, was applied in this study to 
provide water level and depth-averaged current (circulation) information for SEO.  The 
model solves the shallow-water equations in full nonlinear form and can be forced with 
tide, wind, waves, and flux boundary conditions.   Two ADCIRC model grids were 
developed in the course of this modeling initiative.  The first grid was a large circular 
grid centered on the SEO region and extended from the central point approximately 21 
degrees (2300 km) in all directions.  Initial attempts at validation were unsuccessful 
because of the existence of two tidal amphidromes which were located in close proximity 
to the forcing boundary, shown in Figure 7.  (An amphidrome is a location in the ocean 
where there is zero tidal amplitude due to canceling of tidal waves.) In order to eliminate 
the problem introduced by the tidal amphidromes, the spatial extent of the ADCIRC 
model domain was reduced. 
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Figure 7.  Approximate location of grid and amphidrome locations 

 
The final ADCIRC mesh, shown in Figure 8, was a subdomain of the initial grid 

and is oblong in shape due to the orientation of the Hawaiian island locations.  The mesh 
contains 73,305 computational nodes and 140,849 elements.  Individual element area 
ranges from a maximum of 462,500 km2 in deep water to a minimum of 60 m2 
surrounding many of the island features.  High resolution was added to the existing 
ADCIRC mesh in the study area around bathymetric features, such as islands, entrances, 
and reefs.  Depths on the mesh were referenced to mean tide level (mtl).  This smaller 
grid had many improvements over the initial grid: 

 
1. The ADCIRC grid mesh is forced along the open-water boundary that surrounds the 

Hawaiian Islands.  Since the extent of the grid domain for the final grid is smaller 
than the grid extent for the initial grid, the forcing boundary for the final grid is far 
away from the influence of the tidal amphidromes shown in Figure 7. 

 
2. The area of Honolulu Harbor is better resolved in the final grid, which improves the 

comparison between calculated and gauge data in this area. 
 
3. Resolution around prominent features in the project reach was added, as well as 

topographic information for Rabbit and Turtle Islands located in the southern portion 
of the SEO region. 
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Figure 8.  Final ADCIRC mesh domain 
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Wind Sources 
 Three wind sources were investigated as potential application as a forcing 
condition for the ADCIRC model: NOAA National Data Buoy Center (NDBC) Buoy 
51001, National Centers for Environmental Prediction (NCEP) hindcast, and 
Oceanweather, Inc. (OWI) hindcast wind data.  A comparison of the observed wind speed 
and direction at the NDBC Buoy 51001 and the nearest NCEP prediction point was 
performed for the period January to June 2001 (Figure 9).  Wind directions compared 
well, however, the NCEP wind speed consistently exceeded the buoy observations by 5 
to 10 percent. These differences can be attributed to the buoy anemometer height being 5 
m, whereas the NCEP surface level winds are predicted at an elevation of approximately 
10 m.  The comparisons suggest that that long-term, historic NCEP winds can be applied 
in this project with a high degree of confidence for the initial validation time period. 
 

A comparison of the NDBC Buoy 51001 winds to the OWI basin level Pacific 
hindcast (WIS) winds was also done for the month of April, 2001.  A plot of this 
comparison is shown in Figure 10.  Wind speed and directions compared well.  These 
data suggest that WIS winds can also be applied to the project with a high degree of 
confidence.  WIS winds were applied for the second validation (gauge deployment) time 
period.  

 
ADCIRC Model Validation – Wind and Tide for Initial Validation Time Period 
 In the initial validation, the time period 10-24 April 2001 was selected for 
comparing model results to measured data.  ADCIRC was forced along the open 
boundary with tidal information extracted from the Oregon State University (OSU) 
TPXO tidal database (Egbert, Bennett and Foreman, 1994).  Wind speed and direction 
information were obtained from the NDBC Buoy 51001.  The ADCIRC hydrodynamic 
time-step was 0.4 sec and results were reported hourly.  Simulations were performed on 
the ERDC High-Performance Computer (HPC) system due to the size of the ADCIRC 
domain.   
 

For this initial model validation, ADCIRC results for water level were compared 
with the two NOAA tide gauges available on the southern and eastern portion of the 
island of Oahu.  Figure 11 shows the locations of the two gauges (red circles) and their 
proximity to the project area (black box).  The calculated water levels from the ADCIRC 
simulation of the April 2001 time period compared relatively well in range and phase 
with the NOAA gauge measurements, considering that the locations of the gauges were 
well outside the area of high resolution in the project area.  Water level comparisons of 
the ADCIRC validations to the two NOAA gauges, Honolulu Harbor and Kaneohe Bay, 
are shown in Figure12 and Figure 13, respectively.  Since these gauges were outside the 
project area and located in less resolved locations, it was determined that another 
validation would be made with the water level and current data received from ADV and 
ADCP gauges for the deployment time period from August 10 to August 31, 2005.  
Results of that validation are provided later in this document 
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Figure 9.  Comparison of observed (Buoy 51001) and predicted (NCEP) wind speed and direction  
 

 
Figure 10.  Comparison of observed (Buoy 51001) and predicted (OWI) wind speed and direction 
for April 2001 
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Kaneohe Bay 

Honolulu Harbor 

Figure 11.  NOAA Gauge locations for initial validation time period. (Label project area) 
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Figure 12.  Comparison of Calculated and Measured  Water Level at Honolulu Harbor gauge for 
initial validation period. 
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Figure 13. Comparison of Calculated and Measured Water Level at Kaneohe Bay gauge for initial 
validation period. 
 
STWAVE 

STWAVE is a steady-state, finite-difference model based on the wave action 
balance equation.  STWAVE simulates depth-induced wave refraction and shoaling, 
current-induced refraction and shoaling, depth- and steepness-induced wave breaking, 
diffraction, wind-wave growth, wave-wave interaction and white-capping.  The purpose 
of applying nearshore wave transformation models is to quantitatively describe the 
change in wave parameters between the offshore and the nearshore, and in this ap-
plication included simulating wave transformation over a reef.  As previously mentioned, 
development of a spatially-varying bottom friction capability in STWAVE was 
completed to enable application to the extensive reefs in the Southeast Oahu study area.   
 

Grid Development  
 
An STWAVE finite-difference grid was developed for the study area, with 

bathymetry interpolated from the ADCIRC grid mesh.  The STWAVE grid resolution 
was 25 m x 25 m with a grid orientation of 210 degrees counter-clockwise from east.  
The original grid was 18 km (720 cells) in the alongshore direction by 6.2 km (248 cells) 
in the cross-shore direction and extended in the offshore to approximately the 100-m 
contour, with a maximum 344 m depth (Figure 14).  After initial testing and consultation 
with POH, it was determined that the lateral extent of the grid should be expanded around 
the headlands and the offshore extent should be increased to get beyond the shallow 
water offshore from Mokapu Point and Makapu’u Point.  The extended grid was 24.2 km 
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(968 cells) in the alongshore direction by 7.8 km (310 cells) in the crossshore direction 
and extended in the offshore to approximately the 300-m contour, with a maximum 480 
m depth (Figure 14).  The initial grid was applied for wave climate development and 
nearshore database generation.  The extended grid was applied for comparison to field 
data and linkage to the ADCIRC model. 

 
Wave Climate -- Model Forcing Conditions  

 
Directional wave data were available at CDIP Station 098 (Mokapu Point) from 

August 2000 through 2004 (the study started in March 2005).  Non-directional wave data 
were available at Station 034 (Makapu’u) from 1981 to 1996.  Directional wave data 
were available for Station 099 (Kailua Bay) for two months (November-December 2000).  
Station locations are shown in Figure 15. 

 
For this study, the long-term data record (2000-2004) for Station 098 was 

analyzed with the Coastal Engineering and Data Analysis Software (CEDAS) 3.0 – 
Nearshore Evolution Modeling System (NEMOS) software.  Since the purpose of this 
procedure was to determine all conditions that occurred at Station 098, the longest record 
possible, including the incomplete years 2000 and 2004, were included in the analysis.  
(Note that there was a 3-month gap in the data in 2004 and that the small portion of 2005 
data available at the time of study started (1 March 2005) were not included in the  
analysis.  

 
Figure 14.  STWAVE grid domain 
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Figure 15.  CDIP Buoy locations courtesy of CDIP web site  (http://cdip.ucsd.edu) 
  
Figures 16 and 17 show that waves are generally from the east-northeast quadrant 

and range in height from 0.5 to 6.0 m. Wave periods are generally 6-16 sec.  From these 
tabulations, a set of discrete conditions was selected for simulation (Table 2).  From the 
216 possible height-period-direction combinations, 134 conditions occurred in the 2000-
2004 time period.  The wave height range was defined at 0.5-m intervals from 0.75 m to 
2.75 m and at a 0.75-m interval to 3.5 m.  The wave period range was 6 to 16 sec at a 2-
sec interval.  The wave directions were incremented every 22.5 deg from -22.5 deg to 90 
deg, relative to True North.  For each of the 134 selected wave conditions, TMA shallow-
water spectra were generated by applying the SMS spectral wave generation software, 
and then wave transformation was simulated by applying STWAVE over the project 
domain.   
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Figure 16.  Wave height versus wave direction percent occurrence rose for CDIP Buoy 098 – 
Mokapu Point, HI (Data from August 2000 through December 2004) 
 
 
 

 
Figure 17.  Block diagram of wave height versus wave period for CDIP Buoy 098 – Mokapu Point, 
HI (Data from August 2000 through December 2004) 
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Table 2.  Wave Conditions 

Significant Wave Height, m Wave Period, sec 
Wave Direction, 
deg from North 

Wave Direction, 
deg from 

STWAVE axis 
.75 6 -22.5 82.5 

1.25 8 0 60 
1.75 10 22.5 37.5 
2.25 12 45 15 
2.75 14 67.5 -7.5 
3.5 16 90 -30 

 
Wave Climate Analysis 

For demonstration purposes, nearshore conditions at a point in Waimanalo Bay 
(Figure 18, cell (229,506)) were extracted from the STWAVE model results for each of 
the 134 simulations.  A transformation correlation between the offshore and nearshore 
condition was then determined for each of the 134 simulations.  By applying the 
appropriate transfer function to each wave condition in the 2000-2004 offshore time 
series at Station 098, a long-term (2000-2004) nearshore time series was generated 
(Figure 19).   Note that the 3-month gap in the time-series corresponds to 15 February to 
19 May 2004 when the offshore CDIP Buoy 098 gauge was not operational.  The  

 
Figure 18.  Location of extracted STWAVE model results 
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nearshore time series demonstrates that there is a reduction in wave height from the 
offshore location to the nearshore location, landward of the extensive reef system.  The 
time series, however, appears generally contained or banded between the 1.25 and 2.25 m 
wave height bins that were selected to represent the overall wave climate.  Further 
analysis was required to determine if a better representation of the offshore wave climate 
would better resolve the nearshore wave climate, and is discussed in the following. 

 

 
Figure 19. Nearshore time series generated from offshore time series with 134 correlation 
conditions 
 

In order to capture the nearshore transformation time series more precisely and to 
include all wave conditions occurring in the time series, the range and refinement of the 
wave conditions simulated was expanded (Table 3).  Wave heights ranged from 0.5 to 5.0 
m with the finest increment being 0.25 m, wave periods were expanded to include 20 sec, 
and wave angles were expanded to include waves from the east-southeasterly direction 
(representing waves from 106-118 deg from True North) and were refined to 11.25 deg 
bands.  For each of the 1274 selected wave conditions, TMA (shallow-water) spectra 
were generated by applying the SMS spectral wave generation software, then wave 
transformation was simulated by applying STWAVE over the project domain for each of 
the 1274 wave spectra.  Again, nearshore conditions at cell (229,506) were extracted 
from the model results for each of the 1274 STWAVE simulations.  A transfer function 
between the offshore and nearshore condition was then determined for each of the 
simulations.  By applying the transfer function to each wave condition in the offshore 
time series at Station 098, a refined nearshore time series was generated (Figure 20), 
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which shows a more realistic undulation in the wave height.  Note from the wave rose 
that wave directions converge to 35 to 73 deg relative to True North at the save point 
location located shoreward of the reef and are predominantly directed shore-normal (60 
deg).  (In a follow-on study, the 1274 STWAVE simulations included bottom friction and 
nearshore wave climates were developed for ten nearshore locations.)  

 
Table 3.  Expanded (1274) Wave Conditions 

Significant Wave Height, m Wave Period, sec 
Wave Direction, 
deg from North 

Wave Direction, 
deg from 

STWAVE axis 
0.50 6 -22.5 82.5 
0.75 8 -11.25 71.25 
1.00 10 0 60 
1.25 12 11.25 49.75 
1.50 14 22.5 37.5 
1.75 16 33.75 26.25 
2.00 20 45 15 
2.25  56.25 3.75 
2.50  67.5 -7.5 
2.75  78.75 -18.75 
3.00  90 -30 
3.50  101.25 -41.25 
4.00  112.5 -52.5 
5.00    

 

 
Figure 20.  Nearshore time series and wave rose generated from offshore time series with 1274 
correlation conditions 
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Bottom Friction 
Development of a bottom friction capability in STWAVE was completed for 

application to the extensive reefs in the Southeast Oahu study area.  The bottom friction 
source term in STWAVE is specified as: 
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θσ fE
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S fbf −=  

where g is acceleration of gravity, Cf is the bottom friction coefficient, σ is angular 
frequency, k is wave number, d is total water depth (including surge), E is spectral energy 
density, f is frequency and θ is wave direction.  The dissipation is summed over all 
frequencies and directions in the spectrum.  Typical values of Cf  for sandy bottoms range 
from 0.004 to 0.007 based on the JONSWAP experiment and North Sea measurements 
(Hasselmann et al. 1973, Bouws and Komen 1983).  Values of Cf  applied for coral reefs 
range from 0.05 to 0.40 (Hardy 1993, Hearn 1999, Lowe et al. 2005).  Application of this 
model capability to a specific site requires validation to field data. 

A single friction value can be applied to the entire STWAVE domain or a range 
of friction values can be applied on a cell-by-cell basis.  As an example, the 134 wave 
conditions first simulated were repeated with the revised STWAVE, applying a bottom 
friction coefficient typical for reefs of 0.05 over the entire model domain.  A comparison 
of nearshore waves at cell (229,506) was made (Figures 21 and 22).  With the inclusion 
of bottom friction, wave height at the nearshore location ranges from 53 to 85% of the 
previous results that did not include bottom friction.  On average, the wave height is 71% 
of the without bottom friction value at the selected location.  Waves from the northeast 
refract slightly (1 deg) less with the inclusion of bottom friction.  Waves from the east-
southeast refract slightly (1 deg) more with the inclusion of bottom friction. 

 
As another example, for each of the 1274 selected wave conditions simulated 

subsequently to achieve a more detailed wave climate, wave transformation including 
spatially constant bottom friction of 0.05 was simulated by applying STWAVE over the 
project domain for each of the 1274 wave spectra.  Again, nearshore conditions at cell 
(229,506) were extracted from the model results for each of the 1274 STWAVE 
simulations.  A transfer function between the offshore and nearshore condition was then 
determined for each of the simulations.  By applying the transfer function to each wave 
condition in the offshore time series at Station 098, a refined nearshore time series with 
bottom friction was generated (Figure 23).  A comparison of Figures 20 and 23 shows 
that the constant 0.05 value of bottom friction reduces nearshore wave heights by 
approximately 27%. 
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Figure 21. Comparison of predicted wave heights at cell (229, 506) with and without the STWAVE 
bottom friction feature 

 

 
Figure 22. Comparison of predicted wave direction at cell (229, 506) with and without the 
STWAVE bottom friction feature  
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Figure 23. Nearshore time series (including spatially constant bottom friction) generated from 
offshore time series with 1274 correlation conditions 
 
Model Validation 

As previously discussed, the extended domain STWAVE grid was applied in the 
model validation process.  The August 2005 model validation time period corresponded 
to a portion of the field data collection time period (9Augustthrough 14 September2005).  
CDIP Buoy data for August2005 (Figure 24) were extracted from the CDIP website for 
every 3-hr interval of August2005.  For each of these measured wave conditions, TMA 
(shallow-water) spectra were generated by applying the SMS spectral wave generation 
software.  These spectra were then applied to the offshore boundary of the model domain.  
Note that analysis was done to compare the waves at the 300-m depth STWAVE 
boundary and the 100-m depth gauge location by applying the University of Delaware 
Hydrodynamic Wave Calculator applet application 
(http://www.coastal.udel.edu/faculty/rad/wavetheory.html).  It was found that the 
difference in wave height from the 300 m to 100 m depth is small (approximately 4% for 
periods <15 sec, which accounts for 98% of the waves) and the offshore gauge data were 
applied at the STWAVE boundary without back refracting to the 300 m water depth.   
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Initially, a constant bottom friction value was applied to each cell of the 
STWAVE domain.   Several simulations with different constant bottom friction values 
ranging from 0.00 to 0.30 were made to examine the range of response (wave height) at 
the gauge locations.  Figure 25 shows the wave height time series generated by 
STWAVE at the location where ADV1 was placed, without bottom friction and for 3 
simulations with bottom friction.  The bottom friction reduces wave height at ADV1’s 
location by 20% for a bottom friction value of 0.05 (wave height is 80% of no bottom 
friction value) and by 72% for a bottom friction value of 0.30 (wave height is 28% of no 
bottom friction value).  The range of response indicates the importance of selecting the 
appropriate bottom friction value to represent the reefs in the study area.  In addition, a 
variable friction field with a larger friction value only applied over the extent of the reef 
areas would be the most appropriate representation of the study area.  

 
In the validation simulation, a variable bottom friction field with 0.25 applied to 

the reef region, 0.35 around the offshore islands (for compatibility/linkage to the 
ADCIRC model), and 0.025 in the offshore regions was utilized.  Figure 26 shows the 
wave field (heights) for one time period of the validation simulation.  A comparison of 
field data collected at the three ADV locations (Figure 27) to the simulated wave heights 
is given in Figures 28 to 30.  The model results for the ADV1 location follow the 
magnitude and trend of the data well.  Model results at the ADV2 location tend to under-
predict the measured wave height when the offshore waves are from the northeast and are 
smaller than 1 m).  (Note that the wave direction for the period 23-26 August 2005 
(Julian Days 235-238) was generally from the northeast (Figure 24).  Model results at the 
ADV2 location show more of a signal (changing in wave height with time similar in 
pattern to the offshore forcing), whereas the measurements show much less variability 
(nearly constant wave height).  Model results at ADV3 tend to over-predict the measured 
wave height when the offshore waves are greater than 1.3 m.  Overall, all three 
measurement locations experience low wave energy relative to the offshore waves, likely 
due to the relatively mild tradewind conditions previously mentioned, and additional 
wave breaking over the reef.  The field measurements range in wave height from 0.12 to 
0.69 m for the data collection time period and the model results range from 0.04 to 0.71 
m.  The STWAVE model captures the large reduction in wave height from the offshore 
location to the three nearshore locations.  It is noted that the coral reefs in this region are 
described as “mushroom fields”.  Some areas of the reef are more solid and some areas 
have gaps and holes in the reef.  This level of detail was not applied to the friction 
representation of the reef.  A possible improvement to the results, particularly at ADV3, 
could be made by reducing friction in the less solid reef areas (holes) and increasing 
friction in other areas.  Overall, the wave height calculations compare well to the 
measured wave heights in the three measurements locations that are all located landward 
of the reef system. 
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Figure 24.  CDIP Buoy data for August2005 
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Figure 25.  Simulated wave height time series at ADV1 with and without bottom friction  

 
 

 
Figure 26.  Wave field (heights) for one time period of the validation simulation 
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Figure 27. Gage locations 

 

 
Figure 28.  Comparison of measurements and STWAVE results at ADV1 for spatially-varying 
bottom friction 
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Figure 29.  Comparison of measurements and STWAVE results at ADV2 for spatially-varying 
bottom friction 

 
 
Figure 30. Comparison of measurements and STWAVE results at ADV3 for spatially-varying 
bottom friction 
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ADCIRC Validation – Wind, Tide, and Waves for Gauge Deployment Time Period 
In the final validation, ADCIRC was applied to the study area for the August 

2005 time period.  This month overlapped the gauge deployment time period by 
approximately 2.5 weeks.  ADCIRC was forced along the open boundary with tidal 
information extracted from the LeProvost tidal database.  (The LeProvost  database was 
applied because it provided a stable solution for the linked model validation time period.)  
Wind speed and direction information were obtained from the WIS winds described in 
the wind section earlier in this document.  Wave forcing information was provided from 
the STWAVE simulation.  (STWAVE was driven by CDIP buoy 98 data.) A series of 
ADCIRC simulations were run for the selected month in the validation procedure.  The 
ADCIRC simulations varied in the hydrodynamic parameters, bottom friction values, as 
well as with and without wind and wave forcing as part of this validation process.  There 
were some issues with the steep bathymetric gradients near the offshore island creating 
large radiation stress gradients which led to model instability.   This was overcome by 
applying a large bottom friction value (0.035) in STWAVE near the offshore islands and 
limiting radiation stress gradients to a maximum of 0.0001.  The final simulation applied 
a hybrid bottom friction formulation with a minimum Cf value of 0.003, then increased in 
value in shallow depths (less than 1.0 m). The eddy viscosity was set to 4.0 m2/sec, and 
the time step was 0.4 sec.  

Simulation Analysis 
Currents and water levels were compared with field data obtained from the gauge 

deployment described earlier.  Calculated water levels compared well in range and phase 
to measurements, but underestimated some lower peaks while overestimating some 
higher peaks.  This may have been caused by unexpected interactions of the tides with the 
reefs surrounding the gauge locations.  Water level comparisons with the three ADV 
gauges are shown below (Figures 31-33). A harmonic analysis may prove useful in 
obtaining a better comparison to the tidal constituents.  However, since the current 
velocities measured are so small, an improved tidal constituent forcing would not greatly 
influence the total range of water level and therefore would not increase the current 
velocities significantly.  Therefore, no harmonic analysis was performed. 

 Current velocity data from the three ADV gauges and two ADCP gauges were 
extremely small during the overlapping deployment time period – generally less than 10 
cm/sec.  Due to these small measured current magnitudes, current velocities calculated at 
these locations from the ADCIRC circulation model were not expected to compare well, 
however the range of velocity model results is within one order of magnitude and 
generally very close.  Comparisons of ADCIRC circulation results to ADV and ADCP 
gauge measurements are shown in Figure 34-38. (Note that this analysis indicates that 
tidal and wave-induced currents for this time period were not significant enough in this 
region to bring forward to sediment transport analysis.  This led to the conclusion that 
potential sediment transport mechanisms are more likely to be waves and storm-induced 
currents.  A follow-on study to examine the effects of waves and storm-induced currents 
on sediment transport is ongoing.) 
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Figure 31. Water Level Comparison for ADV Gauge 1.  
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Figure 32. Water Level Comparison for ADV Gauge 2 
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Figure 33. Water Level Comparison for ADV Gauge 3. 
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Figure 34.  Velocity comparison for ADV Gauge 1 
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Figure 35.  Velocity comparison for ADV Gauge 2 
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Figure 36.  Velocity comparison for ADV Gauge 3 
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Figure 37.  Velocity comparison for ADCP Gauge 1 
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Figure 38.  Velocity comparison for ADCP Gauge 2 
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Summary 

The purpose of the study was to provide POH with validated hydrodynamic and 
wave models for the project site.  POH could then apply the models with various forcing 
conditions to develop a better understanding of nearshore circulation and sediment 
transport potential in the region and determine the likelihood of accretional and erosional 
areas within the model domain.  The nearshore circulation study included six technical 
tasks: data collection/assessment, finite element and finite difference grid development, 
development of model forcing conditions, model validation, model simulations, and 
simulation analysis.   

 
In the field, data collection of waves, currents and water level were conducted for 

a one-month period with ADCP and ADV instruments.  In addition, drogues were 
deployed on the two days that the ADCP/ADV were deployed and retrieved.  Wave 
heights during the deployment period ranged from 0.12 to 0.69 m and were generally 
from the northeast direction, currents measured at the ADV and ADCP locations were 
small (generally less than 10 cm/sec), and water level ranged from +0.4 to -0.4 m, mtl.  
The drogue deployment provided general current trends for the two deployments.   

 
A two-dimensional (depth-averaged) version of the hydrodynamic model 

ADCIRC was applied in this study.  The ADCIRC modeling component for this study 
required grid development, validation of the bathymetric grid to known tidal constituents 
and wind forcing for April 2001, and comparison of the bathymetric grid forced with 
known tidal constituents, wind, and waves to measurements for the field data collection 
time period.  The ADCIRC grid was developed as a circular mesh, encompassing the 
Hawaii Islands, but was revised to an egg-shaped mesh to avoid tidal amphidromes in the 
Pacific Ocean.   

 
For the initial model validation, ADCIRC results were compared with two NOAA 

gauges on the eastern half of the island of Oahu. The calculated water levels from the 
ADCIRC simulation of the April 2001 time period compared relatively well in range and 
phase with the NOAA gauge measurements considering the locations of the gauges were 
well outside the area of high resolution in the project area.  Since these gauges were 
outside the project area and located in less resolved locations, another validation was 
made by simulating the field data collection time period and comparing model results to 
field data collected in the study area, specifically for this project.  Calculated water levels 
compared well in range and phase to measurements, but underestimated some lower 
peaks while overestimating some higher peaks.  This may have been caused by 
unexpected interactions of the tides with the reefs surrounding the gauge locations.  
Current velocity data from the three ADV gauges and two ADCP gauges were extremely 
small during the overlapping deployment time period – generally less than 10 cm/sec.  
Velocities calculated at these locations from the ADCIRC circulation model were not 
expected to compare well to the measurements, however the range of velocity model 
results is within one order of magnitude and generally very close.  The application and 
validation of ADCIRC for the southeast Oahu study provides POH with the capability of 
simulating circulation in the study area for any required time period. 
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 The purpose of applying nearshore wave transformation models such as 
STWAVE is to describe quantitatively the change in wave parameters between the 
offshore and the nearshore because nearshore wave information is required for the design 
of almost all coastal engineering projects.  STWAVE has been applied to numerous sites 
and this project has the added feature of simulating wave transformation over a reef.  
Development of a bottom friction capability in STWAVE was completed for application 
to the extensive reefs in the Southeast Oahu study area.  Application of STWAVE for this 
project required development of a computational grid to simulate wave propagation, 
verification of calculated waves by comparison to measurements, and generation of a 
wave climate. 
 

For demonstration of the wave climate development technique, nearshore 
conditions at a point in Waimanalo Bay, were extracted from the STWAVE model results 
for each of the 134 simulations.  A transformation correlation between the offshore and 
nearshore condition was then determined for each of the 134 simulations.  By applying 
the appropriate transfer function to each wave condition in the 2000-2004 offshore time 
series at Station 098, a long-term (2000-2004) nearshore time series was generated.  The 
nearshore time series demonstrates that there is a reduction in wave height from the 
offshore location to the nearshore location, landward of the extensive reef system as 
expected.  The time series, however, appeared generally contained or banded between the 
1.25 and 2.25 m wave height bins that were selected to represent the overall wave 
climate.  In order to capture the nearshore transformation time series more precisely and 
to include all wave conditions occurring in the time series, the range and refinement of 
the wave conditions simulated was expanded to 1274 wave conditions.  The refined 
nearshore time series generated from analysis of these simulations shows a more realistic 
undulation in the nearshore wave height time-series. 

 
 Development of a bottom friction capability in STWAVE was completed for 
application to the extensive reefs in the Southeast Oahu study area.  Values of the bottom 
friction  applied for coral reefs range from 0.05 to 0.40.  A single friction value can be 
applied to the entire STWAVE domain or a range of friction values can be applied on a 
cell-by-cell basis.  As an example, the 134 wave conditions simulated in the initial 
climate development were repeated with the revised STWAVE, applying a bottom 
friction coefficient typical for reefs of 0.05.  With the inclusion of bottom friction, wave 
height at the nearshore location ranges from 53 to 85% of the previous results that did not 
include bottom friction.  On average, the wave height is 71% of the without bottom 
friction value at the selected location.  Waves from the northeast refract slightly (1 deg) 
less with the inclusion of bottom friction.  Waves from the east-southeast refract slightly 
(1 deg) more with the inclusion of bottom friction.  As another example, for each of the 
1274 selected wave conditions simulated for the revised wave climate, wave 
transformation including bottom friction was simulated by applying STWAVE over the 
project domain for each of the 1274 wave spectra.  The constant 0.05 value of bottom 
friction reduces nearshore wave heights by approximately 27%.   

The extended domain STWAVE grid was applied in the model validation process  
for the August 2005 model validation time period.  Initially, a constant bottom friction 
value was applied to each cell of the STWAVE domain.   Several simulations with 
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different constant bottom friction values ranging from 0.00 to 0.30 were made to examine 
the range of response (wave height) at the gauge locations.  Bottom friction reduces wave 
height at the ADV1 location by 20% for a bottom friction value of 0.05 (wave height is 
80% of no bottom friction value) and by 72% for a bottom friction value of 0.30 (wave 
height is 28% of no bottom friction value).    The final validation decreased waves height 
from the without friction condition by 66% for a bottom friction value of 0.25.  The range 
of response indicates the importance of selecting the appropriate bottom friction value to 
represent the reefs in the study area.   

 
In the validation simulation, a variable bottom friction field with 0.25 applied to 

the reef region, 0.35 around the offshore islands (for compatibility/linkage to the 
ADCIRC model), and 0.025 in the offshore regions was utilized.    Overall all three 
measurement locations experience low wave energy relative to the offshore waves.  The 
STWAVE model captures the large reduction in wave height from the offshore location 
to the three nearshore locations.  It is noted that the coral reefs in this region are described 
as “mushroom fields”.  Some areas of the reef are more solid and some areas have gaps 
and holes in the reef.  This level of detail was not applied to the friction representation of 
the reef.  A possible improvement to the results, particularly at ADV3, could be made by 
reducing friction in the less solid reef areas (holes) and increasing friction in other areas.  
Overall, the wave height calculations compare well to the measured wave heights in the 
three measurements locations that are all located landward of the reef system. 

 
Lessons learned from this study include: 1) the technique of developing a 

nearshore wave climate by applying stwave for a large number (range) of offshore wave 
conditions provides a permanent “look up” table of nearshore wave conditions at any 
location in the computational domain and can be applied to any time period that offshore 
data is available, provided that bathymetric conditions within the model domain remain 
similar. (Note that the creation of a nearshore wave climate was applied to generate a 
nearshore time series for the 2000-2004 time period and POH is applying the database 
generated time series to develop sediment transport potential estimates in the project area.  
A follow-on study extended the time-series through 2005 and expanded to 10 save point 
locations.), 2) from the ADCIRC validation for the deployment time period and also from 
examination of the retrieved deployment data, it was concluded that the tidal and wave-
induced currents in the project area are small and not sufficient to significantly transport  
sediment.  A follow-on study is being conducted to examine simulation of higher energy 
(storm) conditions which may produce currents that are strong enough to transport 
sediment.  This follow-on study also includes sediment transport modeling, and 3) an 
improved model capability was developed for this study.  Bottom friction was added to 
STWAVE to simulate wave transformation over reefs. It was shown that bottom friction 
is extremely important and has a pronounced effect on modeling transformation over 
reefs, decreasing waves height from the without friction condition by 66% for a constant 
bottom friction value of 0.25.  Simulation of the transformation process over reefs could 
be improved further by including wave ponding.  This may be examined in future 
STWAVE model development and application. 
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CHL assisted POH by documenting the methodologies and procedures used in 
this study and providing consultation in executing simulations and analyzing simulation 
results.  STWAVE and ADCIRC working sessions have been conducted at POH andthe 
completed modeling system was transferred to POH within the SMS framework. 
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APPENDIX D 
 

GEOTECHNICAL INVESTIGATIONS 
 

SAND SAMPLE MAP 
SAND FROM CRUSHED CORAL RUBBLE 
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SAND SAND 
fromfrom

CRUSHED CORAL RUBBLECRUSHED CORAL RUBBLE

23 Aug 2006 Southeast O‘ahu RSM Workshop #3 57

BeachrockBeachrock FormationFormation

Dunes Area of intense dissolution above 
water table

Area of intense dissolution 
below water table Cementation

Old water 
Table 

Dunes

After  Land, 1971

Present 
Sea 
Level

“Bedrock”
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Washed Carbonate Sand SurfaceWashed Carbonate Sand Surface

• Carbonate sand 
grains were treated 
by washing in boiling 
hydrogen peroxide to 
remove microbial 
overgrowth

• Surface is polished 

• Fractures show 
porous skeletal 
carbonate structure
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Overgrowth on Sand SurfaceOvergrowth on Sand Surface

• Sand grain treated by 
using carbonate and 
calcium solution to 
produce overgrowth 
of aragonite needles 
on surface

• Grains are cemented 
into beachrock by 
carbonate overgrowth
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Aragonite and Calcite OvergrowthAragonite and Calcite Overgrowth

• Carbonate precipitation 
can produce calcite and 
aragonite overgrowth

• Aragonite is typically 
unstable and can 
redissolve and 
recrystalize as calcite

• Small crystals are less 
stable than large 
crystals and small 
crystals dissolve and 
large crystal grow 
larger (Ostwald crystal 
ripening). 
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Fatty Acids for Coating MaterialsFatty Acids for Coating Materials

• Inexpensive, non-toxic
• Available in large 

quantities
• Available in all grades
• Slowly biodegradable
• React with and coat all 

carbonates
• End product is the 

calcium salt of the 
fatty acid (soap film)
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What Loading Rate is Required?What Loading Rate is Required?

• Assume the fine sediment is the source of the 
cement

• Three-micron  diameter calcite fragments have a 
specific area of approx. 0.7 m2/g

• Each molecule of stearic acid covers 20.5 sq. Å
• One gram of calcite has area of 7 × 1016 sq. Å
• Molecular wt of stearic acid = 284.5 (6 × 1023 

molecules per mole)
• Approx. 6x10-9 moles stearic acid cover one gram
• Theoretically a metric ton of calcite requires less 

than 2 grams of stearic acid 

23 Aug 2006 Southeast O‘ahu RSM Workshop #3 63

Industrial Grade Fatty AcidsIndustrial Grade Fatty Acids

Commercial soaps are salts (typically sodium salts) 
of a mixture of fatty acids
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Summary on Inhibiting ReSummary on Inhibiting Re--CementingCementing

• Coatings can isolate the surface of carbonate 
grains to make solution of carbonates and 
overgrowth of cements slower

• Process of preserving the sand mimics natural 
processes that inhibit re-cementing of carbonates

• Fatty acid coatings can promote clustering of fine-
grained carbonates reducing turbidity

• Coating process is inexpensive and can be 
integrated into manufacturing sand along with 
crushing and sieving steps

• A sieved, coated sand should provide a better 
beach than quarry-run crushings
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GIS and the InternetGIS and the Internet

All of the RSM 
geospatial data is 
available over the 
Internet with new 
“Online Mapping”
Tools
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Data LayersData Layers

Layers on the site include:
– satellite imagery
– watershed boundaries
– land parcels
– roads
– soil types
– wetlands
– hydrography
– shoreline profiles
– historical shoreline change
– shoreline structures

– coastal habitat & reefs
– sediment deposit 

information
– revetments
– bathymetry
– wave gauges
– nautical charts
– and much more!
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What Am I Looking At?What Am I Looking At?
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How Do I Turn a Layer How Do I Turn a Layer 
On/Off?On/Off?

1) Navigate to the Table of Contents , 
and click on the Layers tab 
(highlighted in red in the graphic to 
the right).

2) After you have activated the “Layers”
tab, then just check (or uncheck) any 
of the square boxes (highlighted in 
purple in the graphic to the right). 
next to a layer to turn it on (off).
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What Does the Standard What Does the Standard 
Toolbar Do?Toolbar Do?
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How Can I Calculate How Can I Calculate 
Acreage?Acreage?

1) Zoom into the area on the map where you 
would like to calculate the area.  This can be 
performed by using the “Zoom In” button , 
which is found on the Standard Toolbar. 

2) After you have zoomed in to the area you 
would like to calculate, click on the 
“Calculate Area” button , which will activate 
the “Polygon Area” dialog box.

3) In the “Polygon Area” dialog box, set the Area 
Units you would like (acres, square feet, 
square meters, etc), as well as the fill color 
and transparency.

4) After you are happy with your settings, begin 
clicking on the map to designate the vertices 
of your area calculation.  Before you reach 
your last vertex, click on the Complete 
Polygon button in the “Polygon Area” dialog 
box to auto complete the polygon.

5) The area information will appear on your map.
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How Do I Print My Map?How Do I Print My Map?

1) Zoom into the area on the map 
where you would like to 
print.  This can be performed 
by using the “Zoom In”
button , which is found on 
the Standard Toolbar.

2) Add any coordinate labels, text, 
grids, etc that you want 
visible for printing.

3) After you have the map set just 
like you want, click on the 
“Print” button , which will 
activate the “Print Map”
dialog box.4) In the “Print Map” dialog box, type in your map title and any other comments you would like.

5) After you have your title and comments set, then select the paper size you want your map to print 
at.

6) After your paper size has been selected, click the Generate Map button.

7) Select File > Print to print the map out.
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How Do I Save My Map?How Do I Save My Map?

1) Zoom into the area on the map where you would like to save.  
This can be performed by using the “Zoom In” button , 
which is found on the Standard Toolbar

2) Turn on/off any layers you would like visible/not visible.

3) Add any customized coordinate labels, text, grids, etc that 
you desire. 

4) Right-click on the map, and select Save Picture As… from 
the context menu (highlighted in blue in the graphic to the 
right).

5) In the “Save Picture” dialog box, select where you would 
like the image saved, and then click the Save button.

6) Your image will be saved to your computer, and you can 
now insert it into e-mails, PowerPoint Presentations, 
project documents, etc. 
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Draft 06 

INTRODUCTION 

 

Fringing reefs in Hawaii display sand fields on their surfaces (Figure1) that 

potentially play a role in littoral sediment budgets, provide substrate for important 

components of reef ecology, and may serve as a resource for sand and gravel aggregate.  

These shallow sand fields may also potentially provide quantities of affordable sand for 

beach replenishment projects (Moberly et al., 1975; Casciano and Palmer, 1969; Moberly 

and Chamberlain, 1964).  However, the degree of sand storage they provide and their role 

in littoral sediment budgets has not been defined.   

 

Past Studies: Several studies 

review offshore and onshore 

carbonate sand sources on the 

island of Oahu, Hawaii.  Moberly 

et al. (1975) present a general 

survey of offshore sand resources 

surrounding Oahu in the 0 – 18 

m depth zone.  At three sites, 

Sand Island, North Shore, and 

Penguin Bank, sand thickness 

is measured using a sub-bottom seismic profiler and sand volumes are estimated.  Ocean 

Innovators in conjunction with the US Army Corps of Engineers completed jet probe 

surveys and sediment sampling at a number of shallow and deep sand resource areas 

around Oahu (Ocean Innovators, 1977a – c, 1978a – b, 1979).   

Coulbourn et al. (1988) perform detailed statistical analysis on sand samples 

taken by Ocean Innovators to identify grain size correlations to depth and depositional 

environment.  Sea Engineering (1993) presents a summary of sand exploration studies 

performed around the island of Oahu as well as comparative ratings for exploitable 

deposits.  Hampton et al. (2003) and Hampton et al. (2004) identify significant bodies of 

Figure 1.  Bodies of sand fill depressions on the near-
shore carbonate platform. 
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sediment stored in the deep, 18 –100 m, fore-reef area at various Oahu locations using 

sub-bottom seismic imaging.  Neither of Hampton’s reports makes significant mention of 

sand bodies in water < 18 m.   

The NOAA Benthic Habitat Mapping Program (Coyne et al. 2003) mapped sandy 

substrate from the shoreline to 30 m depth as part of a benthic habitat classification for 

the whole of Oahu.  Conger et al. (2006) created detailed maps of sandy substrate to 20 m 

depth at sites around Oahu via supervised classification of multispectral satellite imagery, 

but these lack volume estimates.   

 

Present Study: Past studies describe sand resources at sites around Oahu in varying 

degree of detail.  The focus of this report pertains to three adjoining locations on the 

eastern Oahu shore: Kailua Bay, Lanikai, and Waimanalo Bay.  Previous studies that 

provide detailed subsurface sampling within our area of interest include: Ocean 

Innovators (1978a), Coulbourn et al. (1988), Hampton et al. (2003), and Hampton et al. 

(2004).  Sea Engineering (1993) provides a summary of data in Kailua Bay.   

This study is an initial large-scope investigation of sediment volume within the 

study area.  The intent of this study is to highlight areas of significant volume that could 

be the subject of more detailed measurement and study in the future.  Here we report the 

results of 205 jet probe thickness measurements obtained from 54 distinct sand bodies in 

the 0 – 20 m depth zone across the reef platform of Kailua Bay, Lanikai, and Waimanalo 

Bay.  Volume estimates and uncertainties are presented with discussion of sand body 

morphologies.  The focus of this research is to quantify the volume geometry of reef-top 

sand bodies, improve our understanding of controls on variations in thickness of these 

sand resources, and infer the role of reef top sand bodies in littoral sediment processes.   
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STUDY AREA: KAILUA BAY, LANIKAI, AND WAIMANALO BAY 

 

Wave Climate:  Wave energy influences coastline stability, nearshore submarine sand 

transport, and mechanical abrasion on the reef.  Hawaii’s regional wave climate (Figure 

2) is described in four components by Bodge and Sullivan (1999):  

 

 

1) High-energy northeast Pacific swell 

created during the winter by storms north 

of Hawaii.  Waves are incident on WNW 

to NNE shorelines; typical heights of 1.5 

– 4.5 m and periods of 12 – 20 seconds. 

2) Lower energy south Pacific swell 

between the months of April and 

October.  Waves are incident on most 

south facing shorelines and have typical 

heights of 0.3 – 1.8 m and periods of 12 – 

20 seconds.   

3) Kona storms infrequently produce from the south and west wave heights of 3 – 

4.5 m and periods of 6 – 10 seconds.  

4) Trade wind waves consistently approach from the general northeast quadrant for 

90% of the summer months and 55 – 65% of the winter months (Fletcher et al. 

2002).  Trade wind wave heights are 1.2 – 3 m with periods of 4 – 10 seconds.   

 

Additionally, large but infrequent hurricane waves can have significant impact on 

the reef (Fletcher et. al, 2002).  Rooney et al. (2004) discuss the occurrence of 

extraordinarily large winter swell associated with strong El Nino episodes.  They 

conclude that these events exert control over fringing reef accumulation and have 

essentially terminated most shallow water accretion on north-exposed coasts in Hawaii 

since approximately 5,000 yrs B.P (before present).   

 The primary wave regime for our windward study area is governed by the 

consistent full strength of trade wind swell.  This swell is modified by annual and decadal 

Figure 2.  Components of 
Oahu's wave environment. 
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North Pacific wave events that wrap around Mokapu Peninsula into the study area.  Large 

south swell affects the study area to a lesser extent.  Easterly storms may also impact the 

study with high winds and/or high waves approaching on an interannual basis from the 

northeast, east, or southeast.  Calmest conditions in the study area occur during Kona 

wind conditions as trade winds diminish, frequently producing offshore air flow. 

 

Shelf Origin:  The underlying carbonate framework of the study area is the product of 

reef accretion over recent interglacial cycles. Specifically, the shallow shelf of Oahu is a 

fossil reef complex dating from Marine Isotope Stage (MIS) 7 (~190,000 – 210,000 yrs 

B.P., Sherman et al., 1999; Grossman and Fletcher, 2004).  The front of this shelf 

accreted separately during MIS 5a-d (ca. 80,000 – 110,000 yrs B.P.).  Eolianites of late 

last interglacial age (ca. 80,000 yrs B.P., Fletcher et al., 2005) are found on the nearshore 

and coastal plain regions of windward Oahu.   

Modern Holocene reef accretion is limited to deeper environments on the front of 

the reef where wave energy is not destructive.  Grossman and Fletcher (2004) and Conger 

et al. (2006) infer that rugosity in depths less than 10 m atop the fringing reef is the result 

of karstification of limestone during times of lower sea-level, most recently since the last 

interglacial.  Modern wave scour has prevented accretion in this zone.  In depths greater 

than 10 m the karst surface has largely been over grown by Holocene accretion (Conger 

et al., 2005). 

 

Coastal Plain:  Harney and Fletcher (2003) provide a synthesis of drill cores and 

radiometric dating obtained in the Kailua coastal plain over the last 60 years.  It is 

demonstrated that sediments underlying the town of Kailua and the Kawaianui Marsh 

reflect 5,000 years of coastal sedimentation during a sea-level highstand (+2 m) and 

subsequent declines in sea-level position (Grossman and Fletcher, 1988).  A 3-10 m thick 

sandy accretion strand plain is deposited over lagoonal sediments (marine silt with shell 

and coral fragments) >40 m in thickness.  Under modern Kawainui Marsh, cores 

penetrate 15 m of peat, terrestrial mud, and lagoonal sediments.  The presence of 

lagoonal sediment is attributed to formation of a marine embayment ca. 3,500 yrs B.P. 

during the high-stand followed by formation of a terrestrial marsh following sea-level fall 

ca. 2,200 years B.P. (Kraft, 1982, 1984; Athens and Ward, 1991).  The accretion strand 
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plain is lies between the marsh and the beach face of modern Kailua Bay and has an 

especially thick central portion attributed to shoreward expression of the offshore paleo-

stream channel that has filled with sand (Harney and Fletcher, 2003).  The strand plain 

formed by shoreline regression as sea-level fell to its modern position following the mid-

Holocene highstand.  Coastal plain deposits underlying Kawainui Marsh and the town of 

Kailua are found by Harney and Fetcher (2003) to contain 10,049 (+/- 1,809) x 103 m3 of 

carbonate sand and silt of Holocene age.               

 

General Sediment Characteristics: Moberly and Chamberlain (1964) characterize Kailua 

Bay, Lanikai, and Waimanalo Bay as having very poorly sorted highly calcareous beach 

sands and large but thin patches of offshore sand.  Kailua and Lanikai sands are described 

as poorly sorted, with Kailua tending towards bimodality.  Waimanalo sands are 

described as coarse- to medium- grained and vary from well sorted to poorly sorted with 

high foraminifera fractions.  Landward of Kailua and Waimanalo beaches are modern 

vegetated dunes and older lithified eolianites, consisting of coarse well-sorted sand, in 

which foraminifera constitute the highest compositional fraction.   

 

Sediment Production: Harney et al. (2000) completed a detailed study of beach, channel, 

and reef-top sand bodies in Kailua Bay.  Harney determined >90% of sediments were 

biogenic carbonate, dominated by coralline (red) algal fragments.  They identified two 

primary sources of sediment for Kailua Bay.  The offshore reef platform is a primary 

source of framework sediments (coral and coralline algae) while nearshore hardgrounds 

and landward portions of the reef platform are sources of direct sediment production 

(Halimeda, mollusks, and benthic foraminifera).   

Radiometric dating of sand grains indicate middle to late Holocene age for 

surficial sediment stored in Kailua Bay.  Most surficial sediments were found to be older 

than 500 yrs, suggesting relatively long storage times in the immediate sediment budget.  

Harney et al. (2000) concluded that sand stored in Kailua Bay represents production 

under a higher sea-level stand (+ 2 m; Grossman and Fletcher, 1998) that retreated during 

the late Holocene. 

Coralline algae, the primary compositional element of Kailua sands, are primary 

reef framework producers in high wave energy environments (Harney et al, 2000).  High 
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coralline algae composition suggests that a strong wave environment is a major 

controlling factor on sediment production in Kailua Bay during the past 5000 yrs.  

Grossman (2001) and Rooney et al. (2004) analyzed drill cores from reef platforms 

exposed to strong modern north swell and concluded that positive fringing reef accretion 

was halted by an increase in wave energy ca. 5000 yr ago.  Rooney et al. conclude the 

increase in northern swell ca. 5000 yr ago corresponds to amplification of El 

Nino/Southern Oscillation (ENSO), which is responsible for unusually large northern 

wave events in Hawaii during particularly strong El Nino episodes.  It stands that 

sediment storage in Kailua Bay reflects a diminishing sediment production regime over 

the last 5000 years, brought on by stronger ENSO induced north swell and reduced 

accommodation space due to sea-level fall. 

Benthic organism data collected at the Kailua sand channel by Harney (2003) 

shows a 50% decrease in living coral cover (57% to 7%) along the channel margin where 

depth decreases from 10 m to 3 m.  This reduction in coral cover is the result of higher 

wave shear stress in shallower waters (Grossman, 2001) aided by higher suspended 

sediment concentrations.  A combination of higher shear stress and less accommodation 

space likely led to reduced reef framework growth at shallow depths around windward 

Oahu (Grossman and Fletcher, 2004). 

 

PREVIOUS SAND RESOURCE INVESTIGATIONS IN THE STUDY AREA 

 

Onshore Resources: Inventory and mapping of sand resources in Kailua and Waimanalo 

began with Moberly and Chamberlain (1964).  Kailua Bay, Lanikai, and Waimanalo Bay 

beach sands are described as very poorly sorted and highly calcareous.  Offshore sand 

bodies are described as large but thin and patchy.  Moberly et al. (1975) identify lithified 

eolianites in Kailua, Bellows, and Waimanalo as a potential source of beach sand.  

Moberly describes the deposits as the most extensive on windward Oahu, but adds that 

houses and beach parks cover a majority of these.  As of 1975, island-wide deposits of 

lithified dune lacking development and available for mining were estimated at less than 2 

x 106 m3 (2.7 million yd3).  Existing modern vegetated dunes are mentioned, but 

considered a great deal more valuable intact than mined, as removed would yield 
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relatively small volumes of sand and have negative impacts on wildlife habitat and flood 

protection. 

 Pacific Rock & Concrete (PR&C) began crushing limestone mined in a 

Waimanalo quarry in the late 1960’s.  The intent of PR&C was to use the sand as 

material for beach replenishment (personal interview relayed by Casciano and Palmer, 

1969).    

 

Offshore Resources: Moberly et al. (1975) completed the first intensive survey of 

offshore sand resources around Oahu.  Spatial extent of offshore sand fields was roughly 

mapped by aerial surveys.  Major sand bodies from sea-level to 18 m depth were mapped 

for the Kailua and Waimanalo areas, however the survey of deeper sand bodies (18 m – 

90 m) excluded the region between central Kailua and Koko Head.  None of the areas 

selected for detailed thickness measurements were within the Kailua or Waimanalo 

regions.    

Ocean Innovators (1978, 1979) completed a jet probe survey of the Kailua sand 

channel and an adjacent sand body for the U.S. Army Corps of Engineers in 1978.  Jet 

probing was performed in a series of 13 transects perpendicular to the channel axis in 

depths of 5 to 24 m and 3 transects between 5 and 6 m in the adjacent sand body.  

Minimum volumes were estimated for the sand channel, 3.7 x 107 m3 (4.84 x 107 yds3), 

and the adjacent sand body, 2.08 x 106 m3 (2.72 x 106 yds3).   

Surface and subsurface sampling in Kailua channel performed in the same 

locations revealed a variability in grain size, sorting and color with no discernable 

pattern.  Median grain sizes of samples varied from fine to coarse sand (0.11 to 1.4 mm) 

with the percentage of samples finer than 0.15 mm varying between 1% and 81%.  In 

only 7 out of 36 samples were less than 10% of the grains found to be finer than 0.15 

mm.  The average percentage of material finer than 0.15 mm was 38%.  The color varied 

between slightly gray and yellow.  Initial results indicated the sand channel contained 

very thick sand, in excess of 9 m in most instances and occasionally over 15 m.  

Sediment washed out by the jet probe initially appeared suitable for use in beach 

replenishment.  However, subsurface samples analyzed by Casciano (US Army Corps of 

Engineers, 1978) concluded that the sand was highly stratified in terms of grain size and 

would ultimately be too fine for beach replenishment. 
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Sea Engineering (1993) conducted a beach nourishment viability study for the 

Hawaii Coastal Zone Management Program.  The study synthesized all data taken on 

offshore sand resources around Oahu and scored each deposit based on site depth and 

wave exposure, interaction with adjacent littoral cells, deposit volume, and sediment 

grain size characteristics.  Using these criteria it was concluded that the Kailua channel 

sand body was unsuitable for mining.  The primary negative criteria were unsuitably fine 

grain sizes and the concern that reducing sediment volume in the channel posed a 

considerable risk to the stability of the immediate and adjacent littoral cells (Richmond, 

2002). 

Hampton et al. (2004) mapped sediment thickness in the Kailua sand channel 

using a tunable, swept-frequency (0.6 kHz to 3 kHz) acoustic profiler (see Barry et al. 

1997 and Sea Engineering, 1993) supplemented by analysis of sediment recovered from 

13 vibracores in 2000 and 14 vibracores in 1997.  Thickness mapping in Kailua was 

performed in 60 -100 m of water.  Sand deposits extend for about 4 km in an arc parallel 

to the Kailua reef front with a maximum thickness of 40 m, a mean thickness of 11 m, 

and is strongly skewed towards the smaller thickness.  The total volume calculated for the 

deposit is 5.3 x 107 m3 (6.9 x 107 yds3).  Grain size analysis of vibracored sediments 

revealed the sediment is finer than that which is usually used in beach replenishment.  

Compositional and abrasion analysis shows the sand has a low resistance to abrasion due 

to a high portion of Halimeda skeletal grains.     

Conger et al. (in press) analyzes the surficial spatial distribution of benthic sand 

bodies across Oahu’s insular shelf (to 20 m depth) at nine locations around Oahu, totaling 

125 km2 (39% of Oahu’s shoreline). For each region, shallow benthic sand bodies are 

delineated, totaling 14,037 sand bodies for the study.  Of the 125 km2 of reef area studied 

25 km2 (~20%) was identified as sand, with a majority (64%) located in sand channels 

and fields.  Sand bodies were classified in deposit shape classes by an automated 

classification algorithm accounting for a combination of individual shape characteristics 

such as area, orientation, and roundness.  The resulting dataset of 14,037 sand body 

polygons was mapped to 2.4 m resolution, and each assigned a classification based on its 

shape. 

A quantitative comparison of regional variations in sand bodies (number, shape, 

and size) to regional geomorphic setting (deep vs. wide reef) and wave climate (high, 
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medium, or low-energy) shows that the distribution of reef-top sediment is strongly 

influenced by reef geomorphology and, to a lesser extent, wave energy.  Sand coverage is 

most extensive in two depth zones: <10 m depth zone (24% of total) and straddling the 

10 m contour (72% of total).  Conger et al. concludes that sand coverage is greatest in 

these regions because, the sub-10 m depth zone precludes the possibility of depressions 

being closed by modern reef growth due to high shear stress.  Sand conduits crossing the 

10 m depth contour provide both storage and transport between near and –offshore sand 

bodies.  The 0-10 m depth range is also likely the zone of highest sediment production.         

  Reef types supporting the highest sand coverage are low wave-energy, have 

offshore sand bodies, and a wide shallow back reef.  Least sand coverage is found in reefs 

with high wave-energy, no offshore sand bodies, and no wide shallow back reef.  Study 

areas were categorized by sand coverage (highest to lowest): 1) Honolulu and Keehi 

Lagoon, 2) Lanikai and South of Laie Point, 3) Waianae, 4)Kailua, Kaneohe, Mokapu 

Point, and North of Laie Point.  Lanikai is a medium-energy wide reef falling into the 

second highest category of sand coverage.  Kailua is classified as a medium-energy deep 

reef falling into the lowest category of sand coverage.   

 

Potential Effects of Sand Mining on Adjacent Beaches:  The threat of increasing beach 

erosion through the mining of offshore sand bodies stems from the nature of a littoral cell 

as a naturally organized, interconnected, system of sand production, storage, and loss.  

An offshore sand body in Keauhou Bay, Hawaii was mined during 1977 as part of a two-

month field test of a new sand mining and delivery system (Maragos et al., 1977).  A 

total of 10,000 m3 of sand were mined from a sand body located 120 m offshore in 15 – 

25 m of water.  The sand body was 150 m wide by 300 m long and 6 m in thickness and 

surrounded by flourishing coral community.  A detailed environmental survey was 

performed before, during, and after the mining operation, the results of which are 

presented in Maragos et al., (1977).  The study showed that mining sand had no 

immediate effect on nearby beaches at Kahaluu (1.5 km north) and Disappearing Sands 

(3.5 km north).  It was noted that there exists no clear pathway between the sand deposit 

mined and either beach, suggesting that the mining of well-isolated and distant sand 

fields will not have an effect on nearby coastlines.  Sea Engineering’s 1993 sand resource 

viability study considered sand deposits offshore of a rocky shoreline and with low 



 11 

proximity to a local beach littoral 

cell to be less hazardous mining 

objectives than deposits offshore of 

a sand beach near an active littoral 

sediment cell (Sea Engineering, 

1993). 

 Moberly and Chamberlain 

(1964) state that sand channels 

potentially support circulation that 

delivers sand to adjacent beaches, 

seaward into deeper water, or a 

seasonal exchange between sand 

channels and the beach.  Cacchione 

and Tate (1998) noted in a study of 

Kailua sand transport that fossil 

channels almost always connect to 

both nearshore and offshore sand 

fields and act as conduits for sand 

movement in both onshore and 

offshore directions.  Cacchione and Tate showed sand ripples in the Kailua sand channel 

migrate shoreward at a rate of 0.5 m/day during trade wind conditions and seaward at a 

rate of 0.5 m/day during winter swell conditions.  This is supported by common 

observations of sand ripples and well-sorted sediments fining in shoreward direction, 

both signs of active transport occurring between deep and shallow fields at the terminal 

ends of the channel.  Special consideration should be taken with regard to removing sand 

from this type of sand body as sediment supply to a pre-existing shore face or littoral cell 

could be diminished (Cox, 1975; Dollar, 1979).                                     

 
 
MATERIALS AND METHODS 

 

Figure 3.  a) 205 jet probe measure were 
taken in the study area.  b) 54 sand bodies 
are delineated for study. 

a b 
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Boundaries of 54 sand bodies (Figure 3) in the study area were delineated for study using 

satellite imagery, LIDAR bathymetry, benthic slope maps (a product of LIDAR), NOAA 

benthic habitat maps, and 

sand classification maps 

produced by Conger et al., 

2005.  Sand bodies were 

classified by morphology 

(Figure 4).  Sampling with a 

jet probe (Figure 5) 

provided a total of 205 

measurements of sand 

thickness.  Thickness 

interpolation and griding of 

point data is accomplished 

using Kriging and Voronoi 

methods.  Volumes 

estimates are calculated 

with for all sand bodies.       

 

Morphology Classification:  

Conger (2006) determined 

antecedent topography to be 

the primary control on 

morphology of reef top sand bodies.   Karstification of the carbonate platform during 

periods of lower sea-level creates depressions which, once flooded, serve as basins that 

accumulate sand.  Variations in relief, shape, and orientation of depressions are likely due 

to differing processes of karstification. 

Following the work of Conger, a generalized morphology classification has been 

created for this study.  Sand bodies sampled are classified as one of three morphologies: 

Sand Field, Fossil Channel, or Karst Depression.  Variance in topographic relief, 

distribution of thickness, and generalized shape are used as major distinguishing factors 

used to classify sand body morphologies.  Segregating sand bodies in this manner adds a 

Figure 4.  A slope map created from LIDAR bathymetry 
assists in classification of sand body morphology. 
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morphology component to the process of interpolating measured thicknesses and 

constructing a coverage map of estimated thickness, thereby increasing estimation 

confidence.   

In addition to field observations, slope maps generated from LIDAR bathymetry 

were used to evaluate the topographic relief between the reef platform and the surface of 

the sand body.  Figure 4 illustrates distinctions between morphologies by highlighting 

examples on a slope map of the study area.  Table 1 summarizes sand body morphology 

classifications and location. 

 

NUMBER of SAND BODIES Fossil Channel Karst Depression Sand Field Total 
Kailua Bay 7 26 0 33 
Lanikai 1 3 4 8 
Waimanalo Bay 0 5 8 13 
Total 8 34 12 54 

 

Table 1.  Number of sand bodies organized by morphology (columns) and region (rows). 

 

Sand Fields:  Sand fields are defined, in this study, as areas of continuous sand cover 

deposited over a broad topographic swale in the reef platform.  Boundaries generally 

have little to no topographic relief and irregular borders.  Sand fields are generally found 

near to shore in shallow (0 - 5.0 m) areas, have broad landward openings toward the 

beach face that separate and thin into separate fingers of sand that continue seaward and 

terminate on shallow reef locations.   Of the 54 sampled sand bodies, a total of 13 were 

designated as sand fields.  

 

Fossil Channel: Fossil channels are seaward extensions of watershed systems, incised 

into the carbonate shelf during low sea-level stands.  The high topographic relief of the 

channel allows fossil channels to act as effective traps for littoral sediment.  Channels in 

Kailua and Waimanalo are typically shore-normal in orientation and cross the –10 m 

isobath.  Major channels, such as the Kailua sand channel, have steep walls of fossil reef 

and widen shoreward into large sand fields that lack significant bounding relief.  

Shoreward transition from bounding walls to a more gradual surface occurs in water 

shallower than 5 m, at which point sand is no longer confined to a channel and spreads 
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Figure 5.  a) Jet probe schematic.  b) 
Jet Probe.  c) The jet probe is inserted 
into sand bodies until it ceases to 
penetrate.  Thickness is measured in 
10 cm increments off the probe. 

out into a sand field.  Large sand channels can contain sediment over 9 m thick (Ocean 

Innovations, 1978) and remain thickest along the axis of the channel, thinning to 1.0 – 1.5 

m at the margins and adjoining landward field.  Of the 54 sampled sand bodies, a total of 

7 were designated as fossil channels.       

 

Karst Depression:  Karst depressions are similar to fossil channels in that they are likely 

the result of subaerial exposure causing a sinkhole style karst incision.  They differ from 

fossil channels in that they occupy smaller areas, have no dominant orientation, and do 

not serve as a connection between sand fields.  Karst depressions have steep boundaries, 

generally dropping 1-3 m below the carbonate 

platform thus distinguishing them from sand 

fields. Of the 54 sampled sand bodies, a total of 

34 were designated as karst depressions.    

 

Thickness Measurements: Sediment thickness 

measurements were obtained with a jet probe 

(Figure 5) deployed from a small boat, and 

operated by a researcher on SCUBA.  The jet 

probe is built from a small diameter pipe 

connected to a shipboard water pump via fire 

hose.  High-pressure water is pumped out of the 

pipe in order to displace sediment as the SCUBA 

diver pushes it into sandy substrate.  The probe 

stops penetrating when it contacts a boundary 

with bedrock or an impenetrable layer of 

consolidated sediment.  The depth of penetration 

provides a measure of unconsolidated sediment 

thickness.  The probe length is 3.0 m.  If the sand 

a 

b c 
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body thickness exceeds 3.0 m, the value of 3.1 m is recorded.  Appendix B contains 

tabulated jet probing results.  

 

Sampling Locations:  Using the jet probe, a total of 205 thickness measurements were 

obtained from 54 distinct sand bodies on the Kailua, Lanikai, and Waimanalo reef 

platforms.  At each sample location 3 thickness measurements were taken within a 20 m 

radius of the anchored boat and the average thickness recorded for that site.  Water depth 

at sample locations was recorded from a hull-mounted fathometer at an accuracy of +/- 

0.5 m.  Water depth varied from 1.5 m to 16.8 m, with an average of 5.2 m.  General 

sediment characteristics were noted at each site.  The probe was completely removed and 

inserted multiple times with each measurement to insure repeatable results.  All sample 

locations were predetermined by examining aerial photos and bathymetry in conjunction 

with NOAA benthic habitat maps (Coyne et al., 2002) and previous substrate studies in 

the region (Sea Engineering, 1997; Conger et al., 2006).  Survey points were located with 

a GPS receiver at an accuracy of +/- 5 m.  Once anchored, drift of the boat was adjusted 

to match sample location so a diver could use the boat as a reference point for placing the 

jet probe.  Figure 3 illustrates jet probe sample locations and sand body delineation.   

 

Volume Calculations:  Estimates of sand volume were obtained for each sand field by 

using one of two methodologies: 1) a Kriging method or 2) a Voronoi method with a 

volume correction factor.  The selection of either methodology was based on the spatial 

density of available thickness measurements as well as the size and complexity of the 

given sand body.  In instances of good data coverage a Kriging method was used.  The 

Voronoi method was used for sand bodies with sparse coverage, where a single 

measurement must be representative of a large area, as it does not require a high data 

density.  A total of 54 sand bodies are analyzed; Kriging was applied to a 9 sand bodies 

while the Voronoi model was applied the remaining 45 bodies.  Table 2 summarizes sand 

body morphologies as applied to each methodology.  Appendix C contains details on all 

volume estimations.  

 
 

               MORHOLOGY 

O D
   

   

  Channel Field Karst Total 
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Kriging 1 5 4 9 
Voronoi 6 8 30 45 

 

Total 7 13 34 54 
 

Table 2.  Summary of interpolation methods (column) applied to sand body morphologies 
classes. 

 
Reporting of Volumes:  In order to make volume estimates a more useful product, 

volume is not reported over the entire surface of every sand body sampled.  In areas were 

the Kriging method could be used, volume was only calculated for the areas of greatest 

thickness (> 0.50 m).  Similarly, volume results are given in a section-by-section basis for 

sand bodies using the Voronoi method.  In many cases a single sand body, identified by a 

Sand Body ID, is broken into multiple sections, each reported as an Area ID.   Volumes 

are reported for each Area ID individually.  Table 3 summarizes volume estimations by 

region and Table 4 summarizes measured area of sand bodies.  A series of maps and 

tables detailing thickness and volume estimations are included in Appendix A.                                          

 

VOLUME (m3) Channel Error Karst Error Field Error Total Error 
Kailua Bay 825,115 75,056 150,715 15,244 0 0 975,830 90,300
Lanikai 23,616 5,432 43,703 9,719 129,987 3,089 197,306 18,240
Waimanalo Bay 0 0 504,396 47,999 20,136 1,660 524,532 49,659
Total 848,731 80,488 698,814 72,962 150,123 4,749 1,697,668 158,199
 
Table 3.  Volume estimates with error in cubic meters presented as morphology class (column) 
and region (row). 

 
 

AREA (m2) Fossil Channel Karst Depression Sand Field Total 
Kailua Bay 668,701 290,399 0 959,100
Lanikai 67,923 169,469 1,148,858 1,386,251
Waimanalo Bay 0 653,341 235,144 888,485
Total 736,624 1,113,209 1,384,002 3,233,836

 
 
Table 4.  Sand body surface area presented as morphology class (column) and region (row). 

 
Kriging Method: The Kriging approach is a more statically robust method of estimation 

than the Voronoi method and was preferentially used whenever data density was suitable.  

Boundaries of sand bodies are assumed to be zero thickness and were represented by 
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points of zero thickness generated at 1 m spacing around each sand body.  Modeling the 

variation between measurement points and the edges was accomplished with a semi-

variogram.  A semi-variogram model quantifies the relationship between variability of a 

native dataset and spatial location as an equation for a line.  The equation for each semi-

variogram model is used to model the rate of change between points where thickness is 

known, i.e. jet probe thickness measurements and edges (Webster and Oliver, 2001).  In 

this usage, the changing slope of the semi-variogram line is analogous to the changing 

slope of the reef-top depression.   

A separate variogram equation was produced for each sand body so that the 

thickness model would be individualized to the unique characteristics of each body.  A 

spherical semi-variogram model was used in all cases.  Points of zero thickness along the 

edge were included when producing semi-variogram.  Rasterized thickness estimation 

maps were created at a resolution of 1 m.  Volume calculations were made for areas of 

sediments estimated to be >0.50 m thick, each reported as a separate Area ID.  Thickness 

and volume calculation results are presented in Appendix A. 

 

Voronoi Method:  The Voronoi method assumes that sand body thickness is perfectly 

uniform up to the edge of the sand body.  See Figure 5 for an illustration of the method.  

This method is used when thickness data is too sparse for a Kriging approach to be 

useful.  Perimeters of each sand body and thickness measurements were mapped and 

entered into ArcGIS.  An ArcGIS Voronoi function was used to subset each sand body 

into series of smaller adjoining polygons or sub-polygons; each sub-polygon formed 

around a single thickness measurement.  The Voronoi function draws sub-polygon 

boundaries so that any location within a given sub-polygon is closer to its associated 

measurement point than to the measurement point of any other sub-polygon (Webster and 

Oliver, 2001).     

The sediment thickness within each sub-polygon is assumed to be the same as the 

thickness measurement it contains.  Volume of sediment is calculated for each sub-

polygon as the product of the area and thickness.  The volumes for all sub-polygons 

within a single sand body are summed to calculate a total sediment volume for the entire 

sand field (see Appendix C).  Afterwards, a correction is applied to account for over-
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estimation of volume.  Sub-polygons created by this process form the boundaries for the 

individual Area ID’s. 

 

Figure 6.  Kailua Bay.  Thickness profile generated from a transect of point measurements.  Note 
the thickness irregularity in sand bodies. 

 

Voronoi Volume Correction:  A major source of uncertainty with the Voronoi model is 

the assumption that the walls of reef top depressions are at right angles to the base of the 

depression.  A transect of thickness measurements (transect A-A’ in Figure 6) from 

Kailua Bay suggests that sand bodies are thickest in the center and gradually thin toward 

the edges.   

Given the high range of variability in sand body thickness, failing to account for 

sand body morphology likely produces an over-estimate of sand volume.  Correction of 

over-estimated sand volumes is accomplished by calculating an empirically derived 

reduction factor.  Reduction factors are calculated as the average percent difference 

between Kriging and Voronoi estimations performed on the same set of sand bodies.  

Results from comparative volume estimations of 10 sand bodies are segregated by sand 

body morphology and averaged so as to calculate reduction factors that are morphology 

specific.   

Of the 10 bodies used, 4 were classified as sand fields, while the remaining 6 

were classified as karst fields.  No bodies classified as channel morphology were used 

due to a lack of adequate examples, however the assumption is made that channel and 

karst morphologies share similar aspects of genesis, possess similar subsurface-
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topography, and thus can utilize the same reduction factor.  The reduction factor 

calculated for sand field morphologies is 88.25% ±8.25% (i.e. Voronoi estimations are 

reduced by 88.25% ±8.25%), while 64.67% ±23% is used for karst and channel 

morphologies.  Uncertainty calculation is described below, in the section Prediction 

Uncertainty.  These reduction factors cause dramatic decreases when applied to the 

Voronoi-based volume estimates, but provide a more informed and realistic estimate. 

 

Prediction Uncertainty:  Measurement uncertainties are ±5 cm vertical uncertainty 

associated with jet probe measurement and ±5 m of horizontal uncertainty associated 

with accuracy of the GPS receiver.  These uncertainties are taken into account during the 

Kriging process as a nugget variable and thus are propagated through the interpolation 

process as a pixel-by-pixel error value.  Therefore, every map of estimated volume 

created via Kriging also has a map of the pixel-by-pixel estimation uncertainty in meters.  

Areas defined for volume estimations are used with error maps to calculate the error in 

volume estimation for each area.   

Percent difference between estimated volume and estimated error was calculated 

for each sand body.  These percent differences were averaged simultaneously with values 

used for calculating the reduction factors, resulting in the uncertainty values reported for 

Voronoi estimates.  The error results are presented as tables in the maps of estimated 

sediment volumes (Appendix A). 

 

RESULTS AND DISCUSSION 

 

Fossil Channel: Of the 54 sampled sand bodies, 8 were classified as fossil channels.   

Fossil channels are estimated to contain 848,731 +/-80,488 m3 of sediment and cover an 

area of 736,624 m2.  The average volume-to-surface area ratio is 1.15 m3/m2, the highest 

ratio in the study area.  Most sediment in this morphology class is contributed by the 

Kailua sand channel, of which only the shoreward section is being considered in this 

study.  Previous jet probe studies in the deeper channel have shown sediment thickness to 

exceed 3.0 m.  In southern Kailua, a group of smaller channels form the fragmented 
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remnants of what is most likely a channel closed by reef growth.  Another smaller intact 

channel exists in Lanikai, but does not connect with a significant shoreward sand body.   

Defining a specific morphology for the shoreward end of the Kailua sand channel 

is difficult as the channel widens landward, losses the high bounding topographic relief, 

and transitions into sand field type morphology.  However, a linear trace of high 

thickness continues landward through the sand field along the central axis of the channel.  

This indicates that the shoreward portion of the channel has been filled and overtopped 

by sand, producing a sand body that qualifies as both a channel and a field.  For the 

purpose of estimating sand volume the Kailua sand channel is considered a member of 

channel morphology class.              

Sand deposits in fossil channels tend to be consistently thick and yellow to white 

coloration.  Surface sediments in these channels appear medium- to coarse-grained, 

however subsurface sampling in the Kailua channel has shown significant amounts of 

fine-grained sediment (US Army Corps of Engineers, 1978).  Channels likely serve as 

surge channels for waves breaking over the fringing reef.  The focusing of wave energy 

through these channels would cause preferential grain sorting as grains transported, 

leaving a varied stratigraphy of fine and coarse sediments related to variations in 

transport energy.  

 

Sand Field: Of the 54 sampled sand bodies, 12 were classified as sand fields.   Sand 

fields are estimated to contain 150,123 +/-4,749 m3 of sediment and cover an area of 

1,384,002 m2.  The average volume-to-surface area ratio is 0.11 m3/m2, the lowest ratio in 

the study area.   

  Sediment thickness tends to grade from 0.5 m near to shore thickening to over 3.0 

m near the seaward edge.  Sediments are fine to medium sand with a mixture of sandy 

and gravelly substrata.  Nearshore sand fields are generally connected to the adjacent 

beach where they potentially function as sediment storage and source locales 

participating is volume fluctuations on the beach.           

 

Karst Depressions: Of the 54 sampled sand bodies, 34 are classified as karst depressions.   

Karst depressions are estimated to contain 695,814 +/-47,999 m3 of sediment and cover 
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an area of 1,113,209 m2.  The average volume-to-surface area ratio is 0.63 m3/m2, the 

mid-range ratio in the study area.   

Sediments in karst depressions are observed to contain one or both of two 

characteristic strata: 1) medium to coarse light-colored sand and 2) coral gravel varying 

between 5 cm fragments to hand-sized branches.  Sediment bodies in karst depressions 

consist of either 1.0 – 2.0 m thick sand, 0.5 – 1.0 m sand overlaying coral rubble, or an 

absence of sand with coral rubble outcropping on the surface.  Coral rubble deposits were 

not included in thickness and volume analysis.  Sandy bodies without coral rubble tend to 

lie directly on fossilized reef platform.   

Coral accretion on the perimeter of karst depressions suggests Holocene growth 

has shrunk the area of many depressions, possibly isolating one large depression into a 

number of smaller depressions.  Sediment produced on the reef is thought to be 

transported to the beach in a series of steps between depressions (Moberly and 

Chamberlain, 1964) making karst depressions a potentially important component of 

shallow (3.0 – 5.0 m depth) sediment storage in the littoral system.   

 An expansive system of interconnected, sand-filled karst depressions dominates 

the topography of the central-south Waimanalo area.  This feature resembles a sandy 

lagoon in that it runs shore-parallel between a fringing reef and outcropping back reef in 

4-7 m of water.  Sediment thickness is greatest in two isolated semi-circular areas.  The 

lack of any linear zones of thickness exclude this feature from consideration as a channel 

feature.           

 

CONCLUSIONS 

 

Jet probing of shallow sand bodies allows volume estimates to be made for a total 

of 54 sand bodies.  Sand channels appear to have the greatest overall volume-to surface 

area ratio (1.15 m3/m2), however if data from the Kailua sand channel is excluded, the 

ratio drops to 0.29 m3/m2, indicating that the volume of sediment infilling channels in the 

study area varies greatly.  Most sand channels in the study area lack the size, continuality, 

and terminal sand fields of the Kailua sand channel.  Absence of a major terminal sand 

body attached to either end of the smaller channels most likely indicates a lack of active 

transport, which could account for low volume relative to the larger Kailua sand channel.  
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Karst depressions have a volume-to surface area ratio of 0.63 m3/m2 and lack major 

anomalies such as the Kailua sand channel.  The relative abundance of karst depressions 

in the study area suggests that karst depressions play a major role in reef-top sand 

storage.  Sand fields have the lowest volume-to-surface area ratio (0.11 m3/m2).  Given 

that a lack of significant confining topographic relief is the differentiating feature for 

sand fields, it is likely that topography is the foremost control in reef-top sand storage. 
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   Appendix B  

   
Thickness 

Measurement Data  
          
     

POINT LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

     MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 
     

Kailua Bay     

     Fossil Channel     

 1 -5.5 0.30 Sand overlaying hardbottom 

 2 -5.0 0.70 Sand overlaying hardbottom 

 3 -5.0 1.00 Sand overlaying hardbottom 

 4 -4.5 1.50 Sand overlaying hardbottom 

 5 -4.0 1.40 Sand overlaying hardbottom 

 6 -3.6 1.30 Sand overlaying hardbottom 

 7 -4.0 0.50 Sand overlaying hardbottom 

 8 -4.5 1.50 Sand overlaying hardbottom 

 9 -4.5 1.80 Sand overlaying hardbottom 

 10 -5.0 1.70 Sand overlaying hardbottom 

 11 -5.7 1.40 Sand overlaying hardbottom 

 12 -3.6 0.40 Sand overlaying hardbottom 

 13 -3.8 1.00 Sand overlaying hardbottom 

 14 -3.7 0.30 Sand overlaying hardbottom 

 15 -3.6 1.30 Sand overlaying hardbottom 

 16 -3.2 0.50 Sand overlaying hardbottom 

 17 -3.0 0.60 Sand overlaying hardbottom 

 18 -3.5 1.50 Sand overlaying hardbottom 

 19 -3.6 0.70 Sand overlaying hardbottom 

 20 -3.7 0.90 Sand overlaying hardbottom 

 21 -3.8 1.20 Sand overlaying hardbottom 

 22 -3.6 0.30 Sand overlaying hardbottom 

 23 -4.0 1.30 Sand overlaying hardbottom 

 24 -4.6 2.90 Sand overlaying hardbottom 

 25 -4.6 2.40 Sand overlaying hardbottom 

 26 -4.3 1.90 Sand overlaying hardbottom 

 27 -5.1 2.90 Sand overlaying hardbottom 

 28 -4.0 0.30 Sand overlaying hardbottom 

 29 -3.7 0.03 Limestone outcroping in thin sand  

 30 -3.8 0.40 Sand overlaying hardbottom 

 31 -4.0 1.63 Sand overlaying hardbottom 

 32 -4.1 0.60 Sand overlaying hardbottom 

 33 -4.1 1.67 Sand overlaying hardbottom 

 34 -3.7 2.40 Sand overlaying hardbottom 

 35 -3.5 0.40 Sand overlaying hardbottom 

 36 -3.4 0.60 Sand overlaying hardbottom 

 37 -3.0 0.10 Limestone outcroping in thin sand  

 38 -3.5 3.10 Sand beyond probing thickness ( >3.0 m) 
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Appendix B     

LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

   MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 

Kailua Bay     

     Fossil Channel     

 43 -3.2 0.10 Limestone outcroping in thin sand supporting algea  

 83 -2.7 0.63 Sand overlaying hardbottom 

 84 -3.7 0.10 Limestone outcroping in thin sand  

 85 -3.0 0.10 Limestone outcroping in thin sand supporting algea  

 86 -3.7 0.17 Limestone outcroping in thin sand  

 87 -3.7 0.43 Sand overlaying hardbottom 

 88 -3.7 0.23 Sand overlaying hardbottom 

 89 -3.0 2.70 Sand overlaying hardbottom 

 90 -5.5 1.33 Sand overlaying hardbottom 

 91 -4.0 0.57 Sand overlaying hardbottom 

 92 -3.7 0.33 Sand overlaying hardbottom 

 109 -4.3 3.10 Sand beyond probing thickness ( >3.0 m) 

 110 -3.7 3.10 Sand beyond probing thickness ( >3.0 m) 

 111 -4.3 3.10 Sand beyond probing thickness ( >3.0 m) 

 112 -3.7 3.10 Sand beyond probing thickness ( >3.0 m) 

 113 -3.7 3.10 Sand beyond probing thickness ( >3.0 m) 

 114 -3.7 0.20 Sand overlaying hardbottom 

 115 -2.7 1.23 Sand overlaying hardbottom 

 116 -3.0 0.07 Limestone outcroping in thin sand supporting algea  

 117 -3.4 1.77 Sand overlaying hardbottom 

 120 -4.6 0.03 Limestone outcroping in thin sand  

 135 -5.5 3.10 
Sand gravel mixture beyond probing thickness ( 
>3.0 m) 

 136 -8.2 3.10 
Sand gravel mixture beyond probing thickness ( 
>3.0 m) 

 137 -7.0 3.10 
Sand gravel mixture beyond probing thickness ( 
>3.0 m) 

 138 -4.9 1.17 Sand overlaying limestone, grey sands observed 

 142 -6.1 0.10 Gravel and rubble with little sand 

 143 -3.0 0.00 Gravel and rubble 

 144 -5.5 2.07 Sand overlaying hardbottom 

 145 -6.4 1.00 
1.0 m of sand overlaying resistant layer of shell and 
coral rubble 

 146 -7.3 1.00 
1.0 m of sand overlaying resistant layer of coral 
rubble 

 147 -10.4 1.90 Sand overlaying hardbottom 

 148 -10.4 0.73 
0.73 m sand overlaying resistant layer of coral 
rubble 

 149 -13.7 0.33 Sand overlaying hardbottom 

 151 -3.0 0.17 Gravel and rubble with little sand 

 152 -12.2 0.67 Sand overlaying hardbottom 
  
 
 
 
 
         



 39 

Appendix B 

LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

     MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 

Kailua Bay     

Karst Depression     

 95 -7.3 1.07 Sand overlaying hardbottom 

 96 -5.2 0.30 Sand overlaying hardbottom 

 97 -6.7 1.53 Sand with a thin resistive layer at -1.0 m   

 98 -9.1 1.13 Sand and carbonate discs 5 - 40 cm in diameter    

 99 -7.6 0.73 Sand overlaying hardbottom 

 100 -6.1 0.87 Sand overlaying hardbottom 

 101 -7.6 0.20 Sand overlaying hardbottom 

 102 -7.9 0.13 Sand overlaying hardbottom 

 103 -6.4 0.40 Sand overlaying hardbottom 

 104 -7.3 1.70 Sand overlaying hardbottom 

 105 -6.4 0.53 Sand overlaying hardbottom 

 106 -6.4 0.27 Sand overlaying hardbottom 

 107 -7.6 0.10 Gravel and rubble with little sand 

 108 -6.7 0.07 Limestone outcroping in thin sand  

 118 -7.9 1.40 Sand overlaying hardbottom 

 119 -8.5 1.33 
1.33 m of sand overlaying resistant layer of shell 
and coral rubble 

 139 -8.2 0.13 Gravel and rubble with little sand 

 121 -6.7 0.73 Sand overlaying hardbottom 

 122 -6.1 3.10 
Sand beyond probing thickness ( >3.0 m),  resistive 
layer at -0.3 m   

 123 -8.2 0.33 
0.4 m of sand overlaying resistant layer of shell and 
coral rubble 

 124 -6.1 3.10 
Sand beyond probing thickness ( >3.0 m),  resistive 
layer at -0.6 m   

 125 -3.0 2.37 Sand overlaying hardbottom 

 126 -6.1 0.33 Limestone outcroping in thin sand  

 127 -7.6 0.70 Sand overlaying hardbottom 

 128 -7.6 0.93 Sand overlaying hardbottom 

 129 -4.9 1.63 Sand overlaying hardbottom 

 130 -7.6 0.20 Sand overlaying hardbottom 

 131 -6.1 0.17 Limestone outcroping in thin sand  

 132 -4.6 0.57 Sand overlaying hardbottom 

 133 -5.5 1.40 Very fine sand overlaying hardbottom 

 134 -4.9 0.83 Sand overlaying hardbottom 

 140 -6.1 1.83 Sand overlaying hardbottom 

 141 -4.3 0.90 Sand overlaying hardbottom 

 150 -2.4 1.83 Sand overlaying hardbottom 

 63 -3.1 0.17 Thin sand over hard bottom 

 64 -3.3 0.60 Sand over hard bottom 

 65 -3.1 0.77 Sand over hard bottom 

 66 -3.8 0.13 Limestone outcroping in thin sand  

 67 -3.8 0.57 Sand overlaying hardbottom 

 68 -3.7 0.87 
0.87 m of sand overlaying resistant layer of shell 
and coral rubble 
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Appendix B         

LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

     MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 

Kailua Bay     

Karst Depression     

 73 -3.5 0.17 Limestone outcroping in thin sand  

 74 -3.0 0.30 Limestone outcroping in thin sand  

 75 -3.9 0.10 Limestone outcroping in thin sand  

 76 -4.5 0.27 Limestone outcroping in thin sand  

 177 -3.4 0.53 
0.53 m of sand overlaying resistant layer of shell 
and coral rubble 

 180 -3.7 0.03 Thin sand over hard bottom 

 202 -9.1 1.40 Sand overlaying hardbottom 

 203 -10.7 0.50 Sand overlaying hardbottom 

 204 -11.3 0.37 Sand overlaying hardbottom 

Lanikai      

     Sand Field     

 44 -2.4 1.97 
0.5 m of sand overlaying resistant layer of shell and 
coral rubble 

 45 -2.4 3.10 Sand beyond probing thickness ( >3.0 m)   

 46 -2.4 2.53 
2.53 m of sand overlaying resistant layer of shell 
and coral rubble 

 47 -2.4 0.20 Sand overlaying hardbottom 

 48 -2.4 1.00 Sand overlaying hardbottom 

 49 -2.1 0.50 
0.5 m of sand overlaying resistant layer of shell and 
coral rubble 

 50 -2.1 0.43 Sand overlaying hardbottom 

 51 -2.4 1.37 
0.5 m of sand overlaying resistant layer of shell and 
coral rubble 

 52 -4.0 0.27 
0.27 m of sand overlaying resistant layer of shell 
and coral rubble 

 53 -4.6 0.30 Sand overlaying hardbottom 

 54 -3.4 0.60 
0.6 m of sand overlaying resistant layer of shell and 
coral rubble 

 55 -4.0 0.65 
0.65 m of sand overlaying resistant layer of shell 
and coral rubble 

 56 -3.7 0.65 
0.65 m of sand overlaying resistant layer of shell 
and coral rubble 

 57 -3.7 0.17 Thin sand overlaying hardbottom 

 58 -3.4 0.75 
0.75 m of sand overlaying resistant layer of shell 
and coral rubble 

 59 -3.4 3.10 Sand beyond probing thickness ( >3.0 m)   

 60 -3.4 0.43 Sand overlaying hardbottom 

 61 -2.4 0.80 Sand overlaying hardbottom 

 62 -3.4 0.63 
0.63 m of sand overlaying resistant layer of shell 
and coral rubble 
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Appendix B     

LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

     MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 
          

Lanikai      

     Karst Depression     

 77 -4.9 0.20 
0.20 m of sand overlaying resistant layer of shell 
and coral rubble 

 78 -4.6 0.20 
0.20 m of sand overlaying resistant layer of shell 
and coral rubble 

 79 -3.7 0.00 Gravel and rubble with little fine sand 

 80 -3.4 0.00 Gravel and rubble with little fine sand 

 81 -4.0 0.00 Gravel and rubble with little fine sand 

 82 -4.3 0.13 Gravel and rubble with little sand 

 178 -3.4 0.20 Sand overlaying hardbottom 

 179 -4.3 0.23 Sand overlaying hardbottom 

 198 -16.8 0.90 
Coarse sand with sparse carbonate rubble 
throughout   

 199 -16.8 1.10 
Coarse sand with sparse carbonate rubble 
throughout   

 200 -16.8 1.10 
Coarse sand with sparse carbonate rubble 
throughout   

Waimanalo Bay     

     Fossil Channel     

 181 -7.3 0.07 Gravel and rubble with little sand 

 184 -6.4 0.00 Halimeda rich gravel with partially hardened surface  

 187 -6.4 0.53 Sand overlaying hardbottom 

 189 -5.5 3.10 Sand beyond probing thickness ( >3.0 m)   

 190 -6.4 0.47 Sand overlaying hardbottom 

 201 -4.3 0.90 0.9 m of fine sand overlaying halimeda rich gravel   

 205 -4.6 0.90 0.9 m of fine sand overlaying halimeda rich gravel   

Waimanalo Bay     

     Sand Field     

 162 -1.5 1.00 Sand overlaying hardbottom 

 163 -1.5 1.00 Sand overlaying hardbottom 

 164 -3.4 0.00 Gravel and rubble 

 170 -1.5 0.73 Sand overlaying hardbottom 

Waimanalo Bay     

     Karst Depression     

 153 -5.5 3.10 
Coarse gravely sand beyond probing thickness ( 
>3.0 m)   

 154 -7.9 0.40 Reddish sand overlaying hardbottom 

 155 -7.6 0.60 0.6 m of fine sand overlaying halimeda rich gravel   

 156 -6.1 0.23 0.23 m of fine sand overlaying halimeda rich gravel  

 157 -4.9 1.67 Sand overlaying hardbottom 

 160 -4.6 0.40 Fine sand overlaying hardbottom 

 171 -3.4 0.07 Limestone outcroping in thin sand  

 172 -3.7 1.65 Gravely sand overlaying hardbottom 

 173 -7.0 3.10 Coarse sand beyond probing thickness ( >3.0 m)   
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LOCATION MEASUREMENT 
WATER 
DEPTH 

SEDIMENT 
THICKNESS  

     MORPHOLOGY POINT ID (m, MSL) (m) OBSERVATIONS 

Waimanalo Bay         

     Karst Depression     

 188 -6.4 0.00 Gravel and rubble 

 191 -9.1 0.01 thin sand overlaying halimeda rich gravel  

 192 -6.7 0.00 Halimeda rich gravel 

 193 -9.1 0.53 0.53 m of fine sand overlaying halimeda rich gravel  

 194 -7.9 0.53 Sand overlaying hardbottom 

 195 -9.1 0.30 0.30 m of sand overlaying halimeda/coral gravel   

 196 -9.8 0.30 0.30 m of sand overlaying halimeda/coral gravel   

 197 -8.8 3.10 Sand beyond probing thickness ( >3.0 m)   

 158 -4.6 0.13 Limestone outcroping in thin sand  

 159 -6.7 0.77 Sand overlaying hardbottom 

 161 -7.9 0.73 Very fine sand overlaying hardbottom 

 165 -8.2 0.43 Sand with fossil reef and coral rubble outcroping 

 166 -8.8 1.43 Gravely sand with fossil reef outcroping 

 167 -3.4 0.93 Coarse sand overlaying hard bottom 

 168 -7.6 0.00 Limestone supporting algea  

 169 -7.9 1.20 1.20 m of sand overlaying coral gravel 

 174 -3.4 0.00 Limestone surface with no sand 

 175 -4.6 2.00 Sand overlaying hardbottom 

 176 -5.2 0.60 Spur and groove reef with sand infill 
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Appendix C 

Volume Estimates    
              
          

LOCATION SAND BODY ID AREA ID AREA VOLUME ERROR VOL/AREA METHOD 

     MORPHOLOGY   (m2) (m3) (m3) (m3/m2)  

Kailua Bay        

     Fossil Channel        

 26 1 586,831 801,695  ± 70,484 1.37 Kriging

 26 2 7,394 2,513  ±  455 0.34 Kriging

 26 3 4,572 1,027  ±  350 0.22 Kriging

 46 40 4,792 614  ± 141 0.13 Voronoi

 46 41 12,302 3,198  ± 736 0.26 Voronoi

 53 42 2,344 1,728  ± 397 0.74 Voronoi

 46 43 13,217 3,744  ± 861 0.28 Voronoi

 46 44 11,467 4,449  ± 1023 0.39 Voronoi

 54 45 2,701 105  ± 24 0.04 Voronoi

 15 46 3,172 1,231  ± 283 0.39 Voronoi

 47 47 5,508 4,424  ± 1018 0.80 Voronoi

 25 48 5,868 387  ± 89 0.07 Voronoi

 25 49 8,534 0  ± 0 0.00 Voronoi

     Karst Depression    

 1 23 5,450 1,544  ± 127 0.28 Voronoi

 1 24 22,971 27,630  ± 2279 1.20 Voronoi

 1 25 21,041 2,694  ± 222 0.13 Voronoi

 1 26 27,962 33,633  ± 2775 1.20 Voronoi

 1 27 14,104 12,969  ± 1070 0.92 Voronoi

 1 28 33,961 24,114  ± 1989 0.71 Voronoi

 13 29 1,793 577  ± 48 0.32 Voronoi

 14 30 790 561  ± 46 0.71 Voronoi

 24 31 11,163 1,429  ± 118 0.13 Voronoi

 24 32 8,586 2,332  ± 192 0.27 Voronoi

 41 33 16,853 6,081  ± 502 0.36 Voronoi

 42 34 5,112 337  ± 28 0.07 Voronoi

 43 35 19,513 12,341  ± 1018 0.63 Voronoi

 43 36 18,917 1,468  ± 121 0.08 Voronoi

 44 37 4,333 958  ± 79 0.22 Voronoi

 45 38 838 293  ± 24 0.35 Voronoi

 48 39 4,970 2,700  ± 223 0.54 Voronoi

 3 4 2,602 1,716  ± 395 0.66 Voronoi

 4 5 710 110  ± 25 0.15 Voronoi

 38 6 1,996 674  ± 155 0.34 Voronoi

 5 7 1,450 73  ± 17 0.05 Voronoi

 38 8 3,483 270  ± 62 0.08 Voronoi

 6 9 1,917 543  ± 125 0.28 Voronoi

 7 10 653 68  ± 16 0.10 Voronoi

 8 11 2,141 440  ± 101 0.21 Voronoi
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Appendix C    

LOCATION SAND BODY ID AREA ID AREA VOLUME ERROR VOL/AREA METHOD 

     MORPHOLOGY   (m2) (m3) (m3) (m3/m2)  

Kailua Bay                

     Karst Depression    

 10 17 6,206 313  ± 72 0.05 Voronoi

 51 18 11,958 464  ± 107 0.04 Voronoi

 11 19 3,575 1,845  ± 424 0.52 Voronoi

 39 20 6,003 2,632  ± 605 0.44 Voronoi

 12 21 1,601 43  ± 10 0.03 Voronoi

 40 22 8,221 4,466  ± 1027 0.54 Voronoi

Lanikai     

    Karst Depression    

 49 50 12,044 977  ± 204 0.08 Kriging

 28 51 29,245 946 ± 523 0.03 Kriging

 37 52 128,180 41,780 ± 8992 0.33 Kriging

    Fossil Channel    

 29 53 32,582 17,699 ± 4071 0.54 Voronoi

 29 54 16,704 3,241 ± 745 0.19 Voronoi

 29 55 18,637 2,676 ± 615 0.14 Voronoi

    Sand Field    

 50 56 11,174 179 ± 45 0.02 Kriging

 27 57 227,136 22,464 ± 784 0.10 Kriging

 29 58 490,846 44,084 ± 1261 0.09 Kriging

 28 59 419,702 63,260 ± 999 0.15 Kriging

Waimanalo Bay    
    Karst Depression    

 2 60 20,294 15,748 ± 3622 0.78 Voronoi

 20 61 61,886 17,529 ± 4032 0.28 Voronoi
 34 68 17,195 5,137 ± 1182 0.30 Voronoi

 36 70 16,024 5,782 ± 1330 0.36 Voronoi

    Sand Field    

 22 62 8,243 0 ± 0 0.00 Voronoi

 30 63 36,575 0 ± 0 0.00 Voronoi

 31 64 9,644 1,360 ± 112 0.14 Voronoi

 32 65 45,198 2,284 ± 188 0.05 Voronoi

 32 66 28,411 4,774 ± 394 0.17 Voronoi

 33 67 17,823 1,529 ± 126 0.09 Voronoi

 35 69 6,337 447 ± 37 0.07 Voronoi

 21 71 58,130 6,830 ± 563 0.12 Voronoi

 17 72 24,783 2,912 ± 240 0.12 Voronoi
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was performed under MIPR No. W81HEM50275957, managed at the US 
Army Engineer Research and Development Center (ERDC), Vicksburg, 
MS.  Mr. Joe G. Tom, ERDC, Geotechnical and Structures Laboratory 
(GSL), was the Principal Investigator.  Mr. Tom and Ms. Judy C. Tom 
prepared this report.  Drs. Philip G. Malone and Charles A. Weiss, Jr., 
GSL, consulted on the investigation. 
 
 Dr. W. Allen Roberson, Chief, Concrete and Materials Branch (CMB), 
monitored the investigation at ERDC, GSL, under the general supervision 
of Dr. Albert J. Bush, Chief, Engineering Systems and Materials Division, 
and Dr. David W. Pittman, Director, GSL. 
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1 Introduction 

Background 

 The US Army Engineer Research and Development Center (ERDC) 
have the responsibility of quality assurance for construction materials on 
US Army Corps of Engineers projects.  That responsibility includes the 
assurance that all construction materials meet the minimum requirements 
of the project specifications.  The ERDC performs this function for the 
Districts through its Laboratories.  The quality assurance responsibility 
also includes preliminary investigations of construction materials in 
preparation of the Materials Design Memorandum for the Districts.  
Construction materials include portland-cement concretes, asphalt 
concrete, soils, stones, joint materials, steel reinforcements, and other 
materials as requested. 
 
 This investigation is being conducted to determine the general 
movement of sediment offshore of Wailea Point (which is located in the 
central portion of the region). 
 
 Analysis of sediment grain size trends; Benthic sand samples will be 
collected around target SEO/RSM areas for grain size determination.  
Analysis of the resulting grain size distributions will reveal trends (i.e., 
coarse vs. fine) of long-term sediment erosion and deposition within 
adjacent areas of the sample regions.  Sediment sampling will be carried 
out in two locations: (1) ~2.0 km2 vicinity of Wailea Point. (250 samples) 
and (2) a smaller study on the shoreward opening of the Kailua sand 
channel (100 samples).   
 

Sample spacing will be denser in areas of more specific interest, such 
as a 37.5 m spacing applied in the immediate vicinity of Wailea Point. 
changing to 75 m spacing in the off shore sand fields and 150 m spacing in 
the regions between sand fields.  The resulting sediment transport vectors 
will have resolutions varying with sample spacing, such that vectors near 
shore will be plotted every 75 m and vectors in offshore sand fields will be 
plotted every 150 m.  A final report containing all data, procedures, 
results, and interpretations from the grain size trend analysis will be 
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delivered.  The approach and theory behind grain size trend analysis is 
published in McLaren and Bowles (1985), Goa and Collins (1992), Le 
Roux (1994), Hughes (2005).  
 
 
Authorization 

 This work is authorized under US Army Engineer District, Honolulu, 
MIPR No. W81HEM50275957.  Mr. Thomas D. Smith, CEPOH-EC-T, 
made the request for the offshore sediment sampling investigations. 
 
 
Objective 

 The objective of this report is to provide specific results of tests and 
evaluations performed on the sand samples that are to be used in the 
sediment trend analysis. 
 
 
Samples 
 
 The Concrete and Materials Branch (CMB) of the Geotechnical and 
Structures Laboratory, ERDC, received 224 samples of various beach 
sands taken from offshore of Wailea Point as shown on the maps in 
Appendix A.  The samples were assigned CMB Serial Number 060166 
supplemented with the POH sample number as shown in Appendix B, 
Table B1.  The sand samples were collected by students from the 
University of Hawaii at Manoa under the direction of Mr. Christopher 
Bochiccho, Department of Geology and Geophysics, and Mr. Thomas D. 
Smith, CEPOH-EC-T, and sent to ERDC.  Appendix B, Table B1 lists the 
initial mass determinations from the University of Hawaii and also the 
results determined from the as-received mass in their original bags and the 
oven-dry mass of each sample.  Numerically, the samples are listed as 0 to 
295, with many samples not sent to ERDC for analysis; those are indicated 
with a zero reading rather than a blank or deleted listing.  Two samples, 
No. 76 and No. 144, were indicated as having been sent for analysis, 
however the samples were not found in the shipping containers.  Another 
sample, No. 293, was indicated as having no sample sent for analysis; 
however, the sample numbered as 293 was found in the shipping 
containers and evaluated with the other samples. 
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Tests 

 The sand samples were tested and evaluated for particle size 
distribution with the current version of the following test methods or 
specifications: 
 
 a. ASTM C 136, “Standard Test Method for Sieve Analysis of Fine 
and Coarse Aggregates.” 
 
 b. ASTM C 702, “Standard Practice for Reducing Samples of 
Aggregate to Testing Size.” 
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2 Evaluation 

Sand Samples 

 The 224 samples of various beach sands (CMB Serial No. 060166) 
were evaluated in accordance with the standard test method, ASTM C 
136. Each sample was removed from the zip-lock bag and surface-dried in 
a 100-degree F environmental room for approximately 24 hours to allow 
the wet dust material adhering to the interior of the bag to dry so that it 
could be easily removed without lost.  The dry dust material was added 
back to the original sample and the entire sample was oven-dried to a 
constant mass.  The larger samples of beach sand were reduced to testing 
size using a mechanical splitter in accordance with ASTM C 702.   
 
 The standard method requires the use of sieves designated in SI units 
and listed in units of millimeters and microns with an alternate listing in 
US inches.  The SI sieves were converted to Phi, Φ, units as required by 
the Honolulu District personnel.  The conversion on the sieve sizes are 
listed in Table 1 below.  The nest of sieves started with -2.0-Phi down to 
5.0-Phi sieve size in 0.5-Phi intervals.  The nest of sieves included 15 
individual sieves plus a collecting pan.  Due to the large number of sieves, 
the analysis was divided into two operations, one set of sieves from -2.0-
Phi to 2.0-Phi, and another set of sieves from 2.5-Phi to 5.0-Phi.  
Therefore, each sample or split portion was sieved twice, once in the 
larger sieves and then the material remaining in the collecting pan was 
placed in the second set of sieves and tested. 
 
 The material retained on each individual sieve was weighed and final 
mass recorded.  The results were calculated as a percentage of the total 
sample sieved.  All of the material from each sample was returned to the 
original bag and will be shipped back to Mr. Thomas D. Smith, CEPOH-
EC-T, in Honolulu, Hawaii, upon completion of this investigation. 
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Table 1.  Phi units with conversions to SI units and US equivalent 
units 
 

Phi Units 
Conversion to 

SI units 

Standard 
Sieve 

Designation 

Alternative 
US 

Designation 

Φ mm mm / µm No. 

-2.0 4.00 4.00 No. 5 

-1.5 2.83 2.80 No. 7 

-1.0 2.00 2.00 No. 10 

-0.5 1.41 1.40 No. 14 

0.0 1.00 1.00 No. 18 

0.5 0.707 710 No. 25 

1.0 0.500 500 No. 35 

1.5 0.354 355 No. 45 

2.0 0.250 250 No. 60 

2.5 0.177 180 No. 80 

3.0 0.125 125 No. 120 

3.5 0.088 90 No. 170 

4.0 0.063 63 No. 230 

4.5 0.044 45 No. 325 

5.0 0.031 32 No. 450 
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3 Conclusions and 
Recommendations 

Sand Samples 

 The 224 samples of beach sand (CMB Serial No. 060166) were tested 
and evaluated for particle size distribution in accordance with the project 
requirements.  The sample results are provided as the results of the 
percentage of the total amount sieved per sieve size.  The results are 
shown in graphic format to display the distribution of the particles sizes 
throughout the range of the sample as presented in Appendix C.  The 
numerical results are provided in Appendix D. 
 
 POH personnel indicated 225 samples were sent; however, only 224 
samples were received.  Sample numbers 76 and 144 were not received 
with the other samples.  Sample number 293 was not listed as being sent; 
however, a sample identified as number 293 was received and analyzed.  
A total of 224 samples were received and analyzed for particle size 
distribution. 
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Appendix A 

Maps of Sand Sample 
Locations (not included) 
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Appendix B 

Sand Sample Identification and 
Masses (excerpt) 
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Table 2 (excerpt). Sand Samples, CMB Serial Number 060166 
CMB Serial 
Supplement 
No. 

Field 
Identification 

POH Mass, g As-Received 
Mass in Bag, g

Oven-Dry 
Mass, g 

0 0 615 586 432.0 
1 1 538 511 376.10 
2 2 630 626 450.2 
3 3 452 441 309.40 
4 4 604 583 423.4 
5 5 650 606 452.2 
6 6 568 545 435.5 
7 7 716 617 501.9 
8 8 705 646 489.1 
9 9 625 562 381.90 
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Appendix C 

Sand Sample Graphic Results 
(excerpt) 
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Appendix D 

Sand Sample Numerical 
Results (excerpt) 
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